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Chapter	1 Introduction		
The	thermal	conversion	of	biomass	to	biochar	has	been	studied	for	over	100	years	(Laboratory	
et	 al.,	 1978).	 Over	 the	 past	 two	 decades	 it	 has	 gained	momentum	 in	 environmental	 and	
energy	 research	 (Stavi	 &	 Lal,	 2013).	 Concerns	 over	 climate	 change,	 poverty,	 declining	
agricultural	production,	fertiliser	shortage,	and	fuel	generation	are	all	topics	that	biochar	and	
bio-oils	have	aimed	to	address.	Optimisation	of	biochar	and	bio-oils	production,	however,	has	
received	relatively	little	attention	from	a	whole-of-system	approach.	The	work	undertaken	in	
this	 thesis	 aims	 to	 address	 these	 limitations	 and	 provide	 a	 system	 that	 maximises	 the	
conversion	of	woody	biomass	to	biochar	and	bio-oils.			
Woody	biomass	is	one	of	the	main	feedstocks	that	much	of	the	world	relies	upon	to	develop	
cellulosic	biorefineries	sustainably,	to	produce	liquid	fuels	and	bio-based	products	that	do	not	
interrupt	 the	 food	 supply	 (Williams	 et	 al.,	 2016).	 Pyrolysis	 is	 considered	 as	 one	 of	 the	
promising	process	routes	with	the	potential	to	convert	woody	biomass	into	hydrocarbon	fuels	
and	chemicals.	In	the	pyrolysis	process,	carbonaceous	materials	are	heated	in	the	absence	of	
oxygen	 to	produce	pyrolysis	 liquids	 (pyrolysis	oil,	 bio-oil),	 a	 solid	 (biochar),	 and	a	gaseous	
coproduct	(Bridgwater,	2012).	Two	approaches	to	the	technology	can	be	discerned;	that	is,	
conventional	 or	 slow	 pyrolysis	 used	 for	 carbonisation,	 from	 which	 biochar	 is	 the	 main	
product,	 and	 fast	 pyrolysis,	which	maximises	 the	 pyrolysis	 liquid	 (Qiang	 et	 al.,	 2009).	 The	
optimum	process	 conditions	 for	 fast	 pyrolysis	 encompass	 high	 heating	 rates	 at	moderate	
temperatures	with	a	short	vapour	residence	time	accomplished	by	the	rapid	quenching	of	the	
ensuing	vapours	(Bridgwater,	1999).	
The	key	element	in	the	biochar	technologies	is	charcoal-making,	which	involves	the	pyrolysis	
of	organic	material	(Flannery,	2015).	Rather	than	a	single	technology,	variations	in	feedstock,	
temperature,	engineering	and	time,	all	impact	on	the	type	and	quality	of	produced	biochar.	
The	 approaches	 undertaken	 in	 this	 work	 have	 focused	 on	 the	 conversion	 of	 hardwood	
eucalyptus	 to	produce	biochar	and	 to	extend	 research	 into	 the	bio-oils.	 The	driver	of	 this	
research	is	that	8%	of	all	atmospheric	carbon	dioxide	is	absorbed	by	vegetation	each	year.	
Noting	that	the	decomposition	of	organics	will	result	in	a	return	of	carbon	dioxide	back	into	
the	atmosphere,	then	any	opportunity	to	retain	this	captured	carbon	dioxide	may	result	in	a	
net	reduction	in	atmospheric	carbon	dioxide.			
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A	definition	for	biochar		
The	term	‘biochar’	encompasses	a	range	of	solid	biomass	materials	that	have	been	subjected	
to	pyrolysis	for	varying	periods	of	time	and	temperature.	The	intended	use	of	biochar	for	the	
purposes	of	carbon-storage	and	soil	amendment	strategies	is	the	main	difference	to	the	term	
‘charcoal’	which	is	strictly	for	a	fuel-reservoir	product.	The	technical	difference	between	the	
two	revolves	around	the	quality	of	the	product	produced	(Jeffery	et	al.,	2015;	Jeffery	et	al.,	
2011).			
This	question	on	quality	extends	from	the	chemical	perspective	on	the	definition	of	‘biochar’.	
Differences	in	feedstock	and	pyrolysis	duration	will	result	in	variation	in	aromatics.	For	long-
term	 stability	under	environmental	 conditions,	 graphite	 is	 the	desired	outcome.	 Typically,	
biochar	materials	 contain	 a	mix	 of	 arrangements	 of	 carbon	materials,	 both	 graphitic	 and	
amorphous	 in	 nature	 (Purakayastha	 et	 al.,	 2015;	 Spokas,	 2010).	 The	 effects	 of	 pyrolysis	
temperature	 affect	 the	 ratios	 of	 biomass	 decomposition	 to	 amorphous	 products,	 then	
amorphous	to	crystalline	products	(Keiluweit	et	al.,	2010).		
		
A	definition	of	bio-oils		
The	importance	and	role	of	bio-oils	as	a	by-product	of	biochar	are	perhaps	less	understood.	
Irrespective	of	its	visual	resemblance	to	crude	oil,	bio-oils	are	not	ready-to-use	hydrocarbon	
fuels	 “as	 produced”	 but	 rather	 are	 a	 highly	 oxygenated	mixture	 of	 compounds	 not	much	
different	 from	 the	 solid	 biomass	 precursor	 in	 elemental	 composition.	 Well-documented	
barriers	to	large-scale	applications	have	been	reported,	which	include	the	low	heating	value,	
high	acidity,	high	viscosity,	and	thermal	instability	(Adrados	et	al.,	2013).	Significant	work	has	
been	undertaken	on	the	emission	of	bio-gas	and	formation	of	Fischer-Tropsch	bio-diesel	from	
the	production	of	biochar,	but	the	reforming	and	conversion	of	these	materials	are	less	well	
understood	 (Choi	 et	 al.,	 2014).	 The	 development	 of	 energy	 efficient	 methods	 or	 the	
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conversion	of	biomass	to	more	energy	dense	bio-oils	are	necessary	to	reduce	transportation	
and	storage-related	costs	(Boateng	et	al.,	2010).			
The	 liquid	 pyrolysis	 oil	 can	 be	 catalytically	 upgraded	 to	 value-added	 chemicals	 and	
transportation	 fuels.	 Unfortunately,	 pyrolysis	 oil	 has	 a	 low	 energy	 density	 and	 chemical	
stability	relative	to	petroleum	fuels	due	to	high	oxygen	content	and	acidity.	In	fact,	pyrolysis	
oil	is	known	to	contain	over	300	highly	oxygenated	compounds,	the	most	prominent	being	
acetic	acid,	glycolaldehyde,	phenol,	and	levoglucosan	(Choi	et	al.,	2015;	Choi	et	al.,	2014;	Choi	
et	al.,	2016;	Mullen	et	al.,	2010).	
The	most	common	approach	is	to	utilize	a	catalyst	to	promote	deoxygenation	reactions.	Solid	
acid	catalysts	(i.e.,	zeolites)	can	induce	dehydration	reactions,	produce	aromatics/olefins	and	
decrease	the	O	content	of	the	oils	produced	(De	Wild	et	al.,	2014;	Zhang	et	al.,	2013a;	Zhang	
et	al.,	2013b;	Zhang	et	al.,	2013d).	However,	the	effectiveness	of	this	process	is	limited	by	loss	
of	H	content	via	aromatisation	which	leads	to	coke	formation	and	catalyst	deactivation	(Lin	
et	al.,	1983).		
		
Reformation	and	catalysis		
The	reformation	of	organic	products	is	an	overarching	term	for	a	wide	range	of	processes,	
which	 can	 include	 cracking,	 hydrocracking,	 hydrodeoxygenation,	 hydrogenation	
decarbonylation,	and	decarboxylation.	Of	these	processes	hydrodeoxygenation	and	zeolite	
cracking	are	considered	to	be	of	most	use	with	bio-oils	(Mortensen	et	al.,	2011;	Pucher	et	al.,	
2015;	Schwaiger	et	al.,	2015;	Wang	et	al.,	2016;	Zhao	et	al.,	2009).	Traditionally	upgrading	of	
products	from	crude	oil	were	through	the	route	of	fractional	distillation,	reducing	the	carbon	
chain	length	of	alkanes	to	produce	higher	volatility	products,	which	provide	few	benefits,	with	
oxygenated	 aromatic	 compounds	 in	 bio-oils	 (Yin	 et	 al.,	 2013).	 Zeolites	 work	 through	 size	
based	 trapping	 of	 molecules,	 which	 cause	 changes	 in	 their	 structure	 and	 reactivity.	 The	
hydrogen	 form	of	 zeolites	are	powerful	 solid-state	acids,	and	can	 facilitate	a	host	of	acid-
catalysed	reactions,	such	as	isomerisation,	alkylation,	and	cracking	(Cheng	et	al.,	2016;	To	&	
Resasco,	2014;	Xu	et	al.,	2015).	Hydrodeoxygenation	(HDO)	reformation	typically	uses	metal	
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catalysts	 with	 high	 pressure	 H2	 gas	 to	 remove	 oxygen	 from	 compounds	 forming	 alkanes	
(Mortensen	et	al.,	2011).	Catalysts	are	then	employed	in	multiple	forms,	and	can	be	used	in	
terms	 of	 arrangements	 such	 as	 fixed	 bed	 and	 fluid	 bed	 processes	 (FCC),	which	 employ	 a	
continuous	 flow	of	 feedstock	over	 the	catalysts	 (limiting	 the	 time	of	 catalyst	 contact	with	
reagents),	or	batch	upgrading	systems	through	which	much	higher	contact	time	with	catalyst	
is	often	seen	(Ali	et	al.,	2015;	Poggi	&	Singh,	2016).		
Catalysts	can	also	be	employed	at	different	stages	in	the	process,	 in	situ	catalysis	 	through	
which	the	catalyst	is	mixed	with	the	biomass	or,	downstream	systems	(Garcia-Nunez	et	al.,	
2016).	 Downstream	 systems	 (ex-situ)	 have	 been	 employed	 outside	 of	 the	 initial	 biomass	
reactor,	 with	 the	 gas	 stream	 then	 passed	 over	 a	 fixed	 bed	 of	 catalyst,	 or	 through	 the	
condensation	 of	 gas	 streams	 (indirect	 liquefaction)	 and	 later	 reformation	 of	 the	 liquid	
products	 (Molton	et	 al.,	 1978).	 By	 separating	 the	pyrolysis	 of	 biomass	 to	biochar	 and	 the	
formation	of	side	products,	systems	show	increased	solid	product	yields	and	upgraded	side	
products	(Li	et	al.,	2015a).	
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Aims	and	objectives		
The	 thermal	 decomposition	 of	 biomass	 to	 biochar	 and	 bio-oils	 has	 received	 considerable	
attention	as	both	an	energy	source	(bio-oil)	and	as	a	carbon	storage	mechanism	(biochar).	In	
this	work,	the	aim	has	been	to	derive	a	set	of	efficient	operating	conditions	that	produce	a	
biochar	that	will	persist	in	the	environment	and	a	reformed	bio-oil	product	–	value	adding	to	
traditional	pyrolysis	schemes.	The	specific	objectives	of	this	work	are:			
1. To	understand	and	characterise	the	structure	of	carbon	in	biochar	through	thermal	
decomposition;			
2. To	 understand	 and	 characterise	 the	 bio-oil	 produced	 through	 the	 thermal	
decomposition	process;			
3. To	reform	and	characterise	the	bio-oil	ex	situ	using	a	range	of	catalysts;	and		
4. To	develop	a	model	for	the	thermal	decomposition	of	Eucalyptus	that	generates	both	
a	suitable	biochar	and	bio-oil.	
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Chapter	2 Literature	Review		
Introduction		
Lignocellulosic	biomass	is	a	renewable	resource	that	may	be	suitable	to	replace	petroleum	in	
fuels,	chemicals,	and	polymeric	materials.	Importantly,	these	materials	may	play	an	important	
role	 in	 managing	 atmospheric	 carbon.	 Different	 plant	 species	 have	 previously	 been	
investigated	as	biofuel	crops	(low	input,	rapid	growth,	short	harvest	times,	etc.);	and	popular	
species	 include	 grasses	 (miscanthus	 and	 switchgrass),	 softwoods	 (pine	 and	 spruce),	 and	
hardwoods	(eucalyptus	and	poplar)	(Brandt	et	al.,	2011).		
Carbon	 in	 the	 earth’s	 atmosphere	 is	 controlled	 through	 a	 series	 of	 processes	 known	
collectively	as	the	carbon	cycle.	Plants	turn	atmospheric	carbon	into	biomass,	which	is	stored	
for	 the	plant's	 life	and	 then	 released	back	 into	 the	atmosphere	 through	either	burning	or	
decomposition.	Within	this	cycle,	soil	 is	considered	to	be	the	biggest	pool	of	carbon	at	an	
estimated	 1,580	Gt	 (Lehmann	 et	 al.,	 2006;	 Lehmann	&	 Kleber,	 2015).	 The	 combustion	 of	
carbon,	 however,	 is	 not	 the	 only	 avenue	 through	 which	 carbon	 is	 released	 into	 the	
atmosphere.	 Decomposition	 of	 sediment	 and	 rocks	 through	 ocean	 acidification	 not	 only	
releases	 carbon	 into	 the	 atmosphere	 but	 also	 into	 the	 oceans.	 Land	 change	 such	 as	 the	
warming	of	arctic	tundra	is	seeing	trapped	carbon	further	being	released	into	the	atmosphere	
(Hoegh-Guldberg	et	al.,	2007).	As	temperature	increases,	so	does	the	respiration	rate	of	many	
organisms,	including	plants,	animals,	and	microbes,	moving	much	of	the	pool	of	carbon	into	
atmospheric	sources	(Lee	&	Den,	2016;	Nguyen	&	Lehmann,	2009;	Pourhashem	et	al.,	2013).	
With	emissions	from	fossil	fuels	being	the	largest	source	of	carbon	dioxide	and	the	greatest	
contributor	 to	 the	greenhouse	gas	pool,	with	a	strong	push	 into	 renewable	energy,	 this	 is	
expected	 to	 decrease	 (Hoegh-Guldberg	 et	 al.,	 2007;	 Kasting,	 1988).	 However,	 it	 is	 often	
thought	 of	 as	 being	 an	 impossible	 task	 to	 curb	 all	 carbon	 emissions,	 as	 such	methods	 to	
withdraw	carbon	from	the	atmosphere	are	often	being	discussed,	with	many	seeking	“high-
tech”	 options	 (Lehmann,	 2007).	 Current	 schemes	 driven	 by	 solar	 energy,	 use	 the	 power	
generated	to	compress	and	liquefy	atmospheric	carbon	for	storage.	Many	prefer	the	existing	
approach	 to	 remove	 carbon	 from	 the	 atmosphere,	 by	 growing	 plants	 that	 themselves	
sequester	carbon	in	biomass	or	increasing	the	level	of	soil	organic	matter	(Ippolito	et	al.,	2012;	
Lehmann,	2007;	Nanda	et	al.,	2016;	Quilliam	et	al.,	2013;	Woolf	et	al.,	2010).	These	methods	
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of	 afforestation	 and	 increasing	 soil	 organic	 carbon	 are	 both	 accepted	 under	 the	 Kyoto	
protocol	and	the	Australia	carbon	farming	initiative	as	tradable	carbon	offsets.	This	approach	
is	plagued,	with	many	soils	and	mature	forests	no	longer	being	a	sink	of	carbon.	Once	trees	
have	matured	biomass	production	is	often	slowed	so	that	there	is	no	net	reduction	uptake	of	
carbon	dioxide.	The	task	of	sequestering	the	large	amounts	of	carbon	from	the	atmosphere	
needed	 to	 draw	 the	 atmospheric	 carbon	 level	 down	 to	 pre-industrial	 revolution	 times	 is	
further	compounded	by	the	challenge	of	feeding	the	world’s	population.	With	many	forests	
currently	being	burned	to	create	land	for	farming	(Garcia-Nunez	et	al.,	2016;	Lehmann,	2007;	
Preston	 &	 Rodriguez,	 2014;	 Preston,	 2009),	 the	 notion	 of	 saving	 the	 world	 through	 the	
planting	of	forests,	unfortunately,	is	oft	considered	short-sighted,	in	its	ability	to	sequester	
large	amounts	of	 carbon	and	effectively	 keeping	 it	 in	biomass	 for	 centuries	 and	millennia	
(Fabbri	et	al.,	2012;	Kerre	et	al.,	2016;	Smith	et	al.,	2010).			
	
Thermal	conversion	of	biomass		
The	term	biomass	is	generic	and	encompasses	all	organic	matter,	excluding	fossil	fuels	(Ogi	&	
Yokoyama,	1993).	This	definition	includes	agricultural	crops,	wood,	marine	organisms,	and	a	
range	of	waste	materials.	Biomass	as	an	energy	source	has	two	distinct	advantages;	the	first	
being	the	renewable	nature	of	the	materials,	and	the	second	being	the	ability	to	fix	and	store	
carbon	from	the	atmosphere	(Downie	et	al.,	2011;	Frausin	et	al.,	2014;	Mao	et	al.,	2012).	
Of	the	various	types	of	biomass,	woody	biomass	has	traditionally	been	used	for	energy	needs	
in	the	form	of	firewood	and	charcoal.	Woody	biomass	is	comprised	of	three	macro-molecular	
components:	cellulose,	hemicellulose,	and	 lignin.	 It	 is	due	to	the	high	oxygen	content	that	
woody	biomass	has	a	much	lower	heating	value	than	hydrocarbons.	Therefore	research	has	
focused	 on	 conversion	 of	 biomass	 to	 a	more	 suitable	 form,	 such	 as	 liquid	 or	 gas	 (Ogi	 &	
Yokoyama,	1993).		
Early	research	focused	on	yields	of	oil	products	generated	during	thermochemical	biomass	
conversion	 (Figure	 2.1).	 Liquefactions	 and	 pyrolysis	 mechanisms	 of	 biomass	 have	 been	
investigated	in	the	presence	of	alkalis	(Beckman	&	Boocock,	1983;	Boocock	et	al.,	1982;	Eager	
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et	 al.,	 1982),	 alkaline	 metals	 (Hsu	 &	 Hixson,	 1981),	 glycerine	 (Demirbaş,	 1998),	 direct	
liquefaction	(Ogi	et	al.,	1985),	and	propanol	and	butanol	(Ogi	&	Yokoyama,	1993).	Of	all	the	
potential	 thermochemical	 processes,	 pyrolysis	 has	 received	 the	 most	 attention.	 This	 is	
because	pyrolysis	generates	both	pyrolytic	oils,	gas,	and	char.	The	intermediate	energy	gas	
produced	was	of	initial	interest	to	research	but	subsequent	studies	have	concluded	that	the	
energy	 ratio	 of	 the	 product	 gas	 is	 less	 than	 the	 heating	 value	 of	 the	 starting	 material	
(Sorenson,	1983).			
	
The	 thermochemical	 conversion	 of	 biomass	 can	 be	 subdivided	 into	 pyrolysis	 gasification,	
direct	 liquefaction,	 and	 chemical	 extraction	 (Figure	 2.1).	 Following	 pyrolysis,	 a	 second	
'indirect'	 liquefaction	process	 can	be	undertaken	once	pyrolysis	 gasification	has	 occurred.	
Both	 direct	 and	 indirect	 liquefaction	 occurs	 when	 macro-molecule	 compounds	 are	
decomposed	into	fragments	of	light	molecules	in	the	presence	of	a	suitable	catalyst	(Chapter	
6).	These	fragments,	which	are	unstable	and	reactive,	may	repolymerise	into	oily	compounds	
of	 varying	 molecular	 weights	 (Molton	 et	 al.,	 1978).	 With	 standard	 pyrolysis,	 however,	 a	
Figure	2.1		–	An	overview	of	biomass	conversion	routes	and	products	
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catalyst	is	not	necessary,	and	the	light	fragments	are	converted	to	oily	compounds	through	
homogenous	reactions	in	the	gas	phase	(Chapter	6).	
		
Role	of	temperature	in	thermal	conversion		
Pyrolysis	 processes	 can	be	divided	 into:	 slow,	 fast,	 and	 flash	pyrolysis.	 Slow	heating	 rates	
maximize	the	yield	of	char,	particularly	at	low	temperature	(Abdullah	&	Wu,	2009;	Ding	et	al.,	
2016).	 High	 heating	 rates	 to	 temperatures	 above	 650	 °C	 tend	 to	 favor	 the	 formation	 of	
gaseous	products	at	the	expense	of	char	and	liquids	(Choudhury	et	al.,	2014;	Lira	et	al.,	2013;	
Manya,	2012).	The	rapid	heating	and	cooling	with	maximum	temperatures	<650°C	is	often	
refered	to	as	flash	pyrolysis,	minimizing	char	and	gas	formation	favoring	the	production	of	
liquid	products	(Mortensen	et	al.,	2011;	Xu	et	al.,	2011).	
Previous	research	has	indicated	several	endothermic	and/or	exothermic	peaks	for	biomass	
pyrolysis	 (Raveendran	et	 al.,	 1996;	 Tang	&	Neill,	 1964).	 Cellulose	pyrolysis	 is	 endothermic	
(Brown	et	al.,	1952;	Roberts	&	Clough,	1963)	but	lignin	pyrolysis	is	exothermic	(Demirbas	et	
al.,	1996).	Wood	pyrolysis	which	applies	to	this	research,	is	exothermic,	with	the	secondary	
decomposition	of	volatiles	the	main	cause	of	heat	generation.	
Hardwoods	such	as	Eucalyptus	are	mainly	composed	of	cellulose,	hemicelluloses,	and	lignin	
(Li	 et	 al.,	 2015b).	 The	 amorphous	 hemicellulose	 materials	 decompose	 at	 the	 lowest	
temperature	 due	 to	 a	 higher	 moisture	 content	 than	 lignin	 (Figure	 2.2).	 Present	 as	
heterogenous	polymers	composed	of	different	pentoses,	hexoses,	and	sugar	acids	(Yuan	&	
Macquarrie,	 2015)	 undergo	 thermal	 decomposition	 readily	 (Bleam	 &	 Harkin,	 1975).	
Hardwood	 hemicelluloses	 contain	 mostly	 xylans	 and	 possess	 β-D-xylopyranosyl	 residues	
(Fundador	 et	 al.,	 2012).	 Hemicelluloses	 are	 closely	 connected	with	 cellulose	 by	 hydrogen	
bonds	and	physical	 intermixing	and	associated	with	lignin	by	covalent	bonds	(e.g.	α-benzyl	
ether	linkage)	(Fu	et	al.,	2009).	These	bonds	restrict	the	liberation	of	hemicelluloses	from	the	
plant	cell	walls.		During	decomposition	of	hemicelluloses	high	 levels	of	CO2,	CO,	methanol,	
methane,	furfural,	5-hydroxymethylfurfural	and	anhydrosugars	(Aydincak	et	al.,	2012;	Kang	
et	al.,	2012;	Yu	et	al.,	2017).	The	temperature	at	which	hemicellulose	decomposes	ranged	
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between	 240°C	 (xylan)	 and	 330°C	 (arabinoxylan,	 xyloglucan	 and	 β-glucan)	 (Werner	 et	 al.,	
2014),	
	
Figure	2.2	-	The	Dynamic	molecular	structure	of	plant	biomass-derived	black	carbon	(biochar)	across	a	charring	gradient	and	
schematic	representation	of	the	four	proposed	char	categories	and	their	phases.	(A)	Physical	and	chemical	characteristics	of	
organic	phases.	Exact	temperature	ranges	for	each	category	are	controlled	by	both	charring	conditions	(i.e.,	temperature,	
duration,	and	atmosphere)	and	 relative	contents	of	plant	biomass	components	 (i.e.,	hemicellulose,	 cellulose,	and	 lignin)	
(Modified	from:	Keiluweit	et	al.,	2010).	
		
The	 destructive	 reaction	 of	 cellulose	 commences	 at	 temperatures	 below	 325	 K	 and	 is	
characterised	 by	 decreasing	 polymerisation	 degree	 (Macquarrie	 et	 al.,	 2012).	 Thermal	
degradation	proceeds	via	(Kan	et	al.,	2016;	Toledano	et	al.,	2013)	cleavage	of	glucose	chains	
from	cellulose	and	formation	glucosan	with	the	loss	of	water	(Figure	2.2	–	transition	char).	As	
temperature	increases	rapid	volatilisation	is	accompanied	by	the	formation	of	levoglucosan	
(Figure	 2.2	 –	 amorphous	 char)		 and	 includes	 depolymerisation,	 hydrolysis,	 oxidation,	
dehydration,	and	decarboxylation	reactions	(Shafizadeh	&	Stevenson,	1982).			
Lignin	is	the	largest	contributor	of	woody	biomass	ranging	between	15	–	30%	mass	weight	
(Vuory	 and	 Bredenberg,	 1988).	 The	 term	 lignin	 includes	 the	 phenolic	 phenylpropanoid	
polymer	 (protolignin)	 the	structure	of	which	 is	heterogeneous	 in	relation	to	 its	monomers	
(Afifi	et	al.,	1989;	Terashima	et	al.,	1998).	The	pyrolysis	of	lignin	as	an	aromatic	to	guaiacol	
and	pyrogallol	dimethyl	ether	is	common	from	wood	products	and	results	in	a	greater	yield	
of	charcoal	and	tar	products	(Demirbaş,	1998;	Tang	&	Neill,	1964).	Phenolics	are	derived	from	
lignin	by	cracking	of	the	phenyl-propane	units	of	the	macromolecular	lattice	(Brown,	1958).	
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The	degradation	pattern	(shows	endothermic	reactions	between	373	–	453K	followed	by	an	
exotherm	at	about	675K	(Pryor	&	Castle,	1984).	The	lignin	is	decomposed	through	extensive	
cleavage	of	the	β-aryl	ether	linkages	under	488	K	where	moisture	is	present	(Fengel	et	al.,	
1978).	After	drying	wood,	lignin	decomposition	begins	at	550	K	with	completion	between	725	
and	775	K	(Tang	et	al.,	2013a).			
The	resultant	carbonisation	of	the	biomass	comprises	of	the	growth	of	aromatic	structures	
and	polymerisation	as	volatile	matter,	and	hydrogen	and	oxygen	are	driven	from	the	structure	
(Uchimiya	 et	 al.,	 2011a).	 This	 structure	 is	 said	 to	 undergo	 four	 phase	 changes	 as	 heating	
occurs,	as	shown	in	Figure	2.2.	This	model	suggests	that	changes	occur	gradually	as	heating	
increases,	from	transitional	materials	in	which	the	structures	of	the	original	biomass	persist,	
moving	to	biochar	which	shows	the	crystalline	characteristics	of	the	precursor	materials	(e.g.	
crystalline/amorphous	cellulose)	(Keiluweit	et	al.,	2010;	Lehmann	et	al.,	2011).	This	is	then	
suggested	to	move	through	a	phase	of	amorphous	charcoal	comprised	of	aromatic	structures	
from	the	condensation	of	lignin	and	other	plant	structures,	to	a	structure	that	is	dominated	
by	disordered	graphitic	crystallites	(Keiluweit	et	al.,	2010;	Novotny	et	al.,	2015).	This	model	is	
limited	by	temperature	with	review	papers	such	as	Bird	et	al.	(2015)	suggesting	that	further	
phase	changes	happen	as	temperature	increases	above	the	700°C	as	reported	by	Keiluweit	et	
al.	 (2010);	 suggesting	 that	 the	 continued	 condensation	 of	 the	 carbon-rich	 structures,	
produces	highly	aromatic	structures	similar	to	those	of	graphene	and	fullerene	(Hedges	et	al.,	
2000;	Masiello,	2004).	These	structures	 show	a	near	parallel	macro-structure	due	 to	plant	
growth,	and	upon	heating	form	graphitic	structures	(Antal	&	Grønli,	2003;	Bourke	et	al.,	2007;	
Mészáros	et	al.,	2007;	Uchimiya	et	al.,	2015;	Uchimiya	et	al.,	2011b)		 	
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Chemistry	of	solids	from	thermally	degraded	biomass		
Investigation	 of	 biochar	 materials	 has	 focused	 on	 the	 arrangements	 and	 persistence	 of	
carbon.	Changes	in	lignin,	cellulose,	and	hemicellulose	content,	in	turn,	affect	the	properties	
of	 the	 respective	 biochars	 after	 pyrolysis	 (Abdullah	 et	 al.,	 2010b;	 Abdullah	 &	Wu,	 2009;	
Ahmad	et	al.,	2012;	Brewer	et	al.,	2009;	Cao	et	al.,	2012;	Suliman	et	al.,	2016).	Higher	lignin	
content	of	 the	wood	feedstock	shows	a	strong	correlation	with	higher	yields	of	crystalline	
chars,	than	in	grass	biomass	(Keiluweit	et	al.	2010).	Further,	corn-stover	char	showed	more	
rapid	 mineralisation	 than	 wood	 char.	 Nguyen	 et	 al.	 (2009)	 reported	 that	 mineralisation	
decreases	with	an	increase	in	pyrolysis	temperature,	where	no	such	effects	have	been	seen	
with	 oak	 char	 (Mukherjee	 et	 al.,	 2011).	 Stable	 biochar	 is	 dominated	 by	 the	 formation	 of	
polycyclic	aromatic	carbon	structures,	as	temperature	increases	so	do	the	number	of	fused	
rings	in	an	aromatic	cluster	(McBeath	et	al.,	2015).		
Black	carbon	has	been	used	as	a	catchall	term	for	the	solid	product	derived	from	thermally	
degraded	biomass;	 it	has	been	shown	to	contribute	to	the	slow	cycling	global	carbon	pool	
(Lehmann	et	al.,	2006),	with	evidence	from	ancient	anthropogenic	soils	or	Amazonian	Dark	
Earths	–	terra	preta,	and	Australian	soils,	created	through	the	addition	of	black	carbon,	still	
showing	 significant	 levels	 of	 carbon	 after	 thousands	 of	 years	 (Downie	 et	 al.,	 2011).	While	
biochar	is	produced	by	the	pyrolysis	of	biomass	it	has	differentiated	itself	by	being	primarily	
proposed	as	an	amendment	to	agricultural	soils.	Its	benefit	is	through	being	incorporated	into	
the	 top	 layer	of	 soil	 to	 improve	not	only	nutrient	 retention	but	also	aid	 in	 the	 storage	or	
carbon	 (Ameloot	et	al.,	2013;	Biederman	&	Harpole,	2013;	Bolan	et	al.,	2012;	Duku	et	al.,	
2011;	Fang	et	al.,	2014).	
Even	with	this	differentiation,	there	is	still	no	solid	definition	for	the	term	biochar	itself.	The	
term	 “biochar”	 has	 seen	 a	 rise	 in	 popularity	 growing	 in	 conjunction	with	 carbon	 and	 soil	
management	agendas	by	both	scientists	and	lay	people	alike.	This	rapid	growth	has	also	lead	
to	numerous	terms	used	to	describe	the	“charred	organic	matter”;	with	terms	such	as	agrichar	
(Chan	 et	 al.	 2007;	 Laine	 2012),	 activated	 carbon	 or	 charcoal	 all	 used	 to	 describe	 charred	
organic	matter,	not	to	mention	the	term	black	carbon	itself	(Ahmad	et	al.,	2014;	Bolster	&	
Abit,	2012;	Brewer	et	al.,	2009;	Kong	et	al.,	2014a;	Kookana	et	al.,	2011;	Krasilnikov,	2015;	
Srinivasan	et	al.,	2015;	Tang	et	al.,	2013a).	From	the	multitude	of	definitions	have	come	a	
13	
	
multitude	of	conditions	through	which	biomass	can	be	pyrolysed	into	biochar,	both	in	range	
of	temperature,	to	the	rate	of	heating.	The	most	widely	accepted	definition	is	that	biochar	is	
a	solid	product,	produced	from	the	thermochemical	decomposition	of	biomass	in	an	oxygen-
limited	system	(Atkinson,	Fitzgerald	&	Hipps	2010;	IBI	2012;	Keiluweit	et	al.	2010;	Kuzyakov	
et	al.	2009;	Lehmann,	J.	2007a,	2007b;	Lehmann,	J.	&	Kleber	2015;	Lehmann,	J.	et	al.	2011;	
Sohi	et	al.	2010;	Zimmerman,	Gao	&	Ahn	2011).	Recently,	however,	an	increasing	number	of	
studies	have	been	undertaken	 in	attempts	 to	quantify	 and	distinguish	biochar	 from	other	
black	 carbon	 sources	 found	 in	 the	environment	 (Brewer	et	al.	 2009;	Hammes	et	al.	 2008;	
Skjemstad	et	al.	2002).			
Biomass	has	been	used	more	 recently	 in	 the	production	of	activated	charcoals,	and	other	
carbon	products	such	as	activated	carbons,	and	amorphous	carbon	products	widely	used	as	
adsorbents	for	pollutants,	and	catalyst	support	(Agrafioti	et	al.,	2014;	Cao	&	Harris,	2010;	Jung	
et	al.,	2013;	Kumar	et	al.,	2011;	Qian	et	al.,	2015;	Zhou	et	al.,	2013;	Zhu	et	al.,	2014).	Stemming	
from	these	advances,	there	is	a	growing	interest	in	new	carbon	materials	made	directly	from	
plant	materials,	to	make	more	efficient	adsorbents,	carbon	composites,	graphitic	materials,	
and	 more	 increasingly	 carbon	 nanostructures	 such	 as	 carbon	 nanotubes	 and	 graphene	
products	(Aydincak	et	al.,	2012;	Dutta	&	Pati,	2010;	Inyang	et	al.,	2014;	Inyang	et	al.,	2015;	
Joseph	et	al.,	2013;	Tucureanu	et	al.,	2016;	Zhang	et	al.,	2012).		
	Graphite	is	one	of	two	naturally-occurring	forms	of	crystalline	carbon.	The	carbon	atoms	in	
graphite	are	linked	in	a	hexagonal	network	which	forms	sheets	that	are	one	atom	thick.	These	
sheets	are	poorly	connected	and	easily	cleave	graphite	 is,	however,	extremely	resistant	to	
heat	and	relatively	inert	(Drewniak	et	al.,	2016;	Tucureanu	et	al.,	2016).	Where	graphite	is	the	
multilayer	 network	 of	 poorly	 linked	 carbon	 sheets,	 graphene	 is	 a	 single	 sheet	 of	 graphite	
(Tucureanu	et	al.,	2016).		
Graphene	 has	 attracted	 much	 interest	 from	 a	 variety	 of	 perspectives	 due	 to	 its	 unique	
physical	and	chemical	properties	(Drewniak	et	al.,	2016;	Dutta	&	Pati,	2010;	Keiluweit	et	al.,	
2010;	Tucureanu	et	al.,	2016).		Graphene	(G)	is	a	member	of	the	carbonaceous	nanomaterial	
family	with	a	 single	 two-dimensional	 sheet	of	 carbon	atoms	one-atom-thick	arranged	 in	a	
hexagonal	 network	 (Ma	 et	 al.,	 2015).		This	 arrangement	 results	 in	 a	 material	 with	 high	
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electrical	 and	 thermal	 conductivity,	 massless	 transportation	 properties,	 and	 strong	
mechanical	 properties	 (Novoselov		 et	 al.,	 2007;Allen		 et	 al.,	 2010;	 Hu		 et	 al.,	 2012).		With	
possible	applications	including	electronic	devices,	molecular	resolution	sensors,	biodevices,	
polymer	 composites,	 liquid-crystals,	 adsorptive	materials,	 and	 as	 substrates	 for	 polymers	
(Dutta	&	Pati,	2010).			
	Whilst	much	of	today’s	graphene	is	produced	through	mechanical	or	thermal	exfoliation	of	
graphite,	scalable	methods	of	production	are	still	being	understood.	The	oxidation	of	graphite	
to	graphite	oxide	and	then	reduced	to	form	reduced	graphene	oxide,	is	considered	the	most	
effective	method	of	production.	The	oxidation	of	graphite	increases	the	interlayer	spacing,	
producing	a	material	that	is	easily	dispered	in	water,	which	can	subsequently	form	graphene	
oxide	layers.		
Both	graphite	oxide	(GO)	and	reduced	graphene	oxide	(rGO)	possess	unique	properties	that	
differ	 from	those	of	pristine	graphite	because	of	 the	structural	changes	arising	due	to	 the	
introduction	of	oxygen	functionalities	into	the	sp2	bonded	carbon	network	(Drewniak	et	al.	
2016;	 Ge	 et	 al.	 2016).	 Drewniak	 et	 al.	 (2016)	 has	 shown	 that	 the	 production	 of	 reduced	
graphene	oxide	is	possible	both	through	the	exfoliation	of	graphite	to	produce	graphene,	and	
through	 the	 evolution	 of	 graphite	 to	 graphite	 oxide	 and	 then	 to	 reduced	 graphene	 oxide	
(upon	thermal	reduction	and	exfoliation).	
		
Chemistry	of	liquids	from	thermally	degraded	biomass		
Similarly	 to	 the	 term	biochar,	 term	bio-oil	 has	been	used	as	 to	define	 the	 range	of	 liquid	
products	from	both	thermochemical	conversion	and	biochemical	conversion	(Nanda	et	al.,	
2014).	 A	 shift	 in	 more	 recent	 work,	 has	 seen	 the	 definition	 move	 to	 describe	 the	 liquid	
products	condensed	from	indirect	liquefaction	(Figure	2.1)	(Aburas	&	Demirbas,	2015;	Chagas	
et	al.,	2016;	Sanna	et	al.,	2011).	Via	pyrolysis,	biomass	can	be	converted	to	biochar	and	while	
bio-oil	can	be	condensed	from	the	pyrolysis	gases.	With	the	gasses	used	to	supply	the	energy	
requirement	for	pyrolysis	(Bruun	et	al.,	2011;	Norgate	&	Jahanshahi,	2011).	This	separation	
between	pyrolysis	and	side	products,	allow	the	further	upgrading	and	refining	of	bio-oils.	The	
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bio-oil	 comprises	 of	 a	 brown	 acidic	 liquid,	 often	 forming	 multiple	 fractions.	 The	 bio-oil	
typically	 contains	~30%	water,	 and	due	 to	 its	high	oxygen	content	 is	unstable	 resulting	 in	
changes	to	both	the	chemical	makeup	and	viscosity	of	the	oil.	The	visual	similarities	it	shares	
with	petroleum	products	do	not	extend	 to	 the	 chemical	 composition	of	 the	oil	 (Aburas	&	
Demirbas,	2015;	Mahinpey	et	al.,	2009;	Morali	et	al.,	2016;	Mullen	et	al.,	2010;	Ozcimen	&	
Karaosmanoglu,	2004).			
Bio-oil	produced	from	pyrolysis	has	a	wide	range	of	possible	applications,	including	heat	and	
power	generation,	liquid	fuels	and	raw	chemical	products	(Adrados	et	al.,	2013;	Bridgwater,	
2012;	 Mortensen	 et	 al.,	 2011).	 The	 oils	 produced	 can	 be	 used	 directly	 for	 combustion;	
however,	the	acidic	nature	of	the	oils,	high	water	content	and	instability	produce	upwards	of	
40%	lower	heating	values	when	compared	to	its	petrochemical	counterparts	(Kauffman	et	al.,	
2011;	Ogi	&	Yokoyama,	1993).		
The	high	oxygen	content	of	bio-oil	means	 results	 in	polarity	and	results	 in	a	 lower	energy	
density	 combined	 with	 poor	 miscibility	 when	 combined	 with	 hydrocarbon	 fuels.	 The	
composition	of	bio-oil	is	very	complicated	with	a	varied	mixture	of	aromatics	and	oxygenated	
compounds	(Spokas	et	al.,	2011).		
GC-MS	 of	 bio-oils	 have	 identified	 hundreds	 of	 compounds	 relating	 to	 the	 breakdown	 of	
varying	cellulosic	and	lignin	based	structures	in	biomass.	The	abundant	products	found	in	bio-
oils	are	aromatic	strucutres,	formed	through	the	cyclisation	of	olefin	structures	(Nanda	et	al.,	
2014;	 Tang	 et	 al.,	 2013b),	 taking	 place	 during	 pyrolysis	 (Özbay	 et	 al.,	 2008).	 Oxygenated	
aromatic	compounds	such	as	phenols,	benzenediols	and	furancarboxaldehyde	are	commonly	
seen	 in	 biooil.	 The	 presence	 of	 which	 is	 explained	 through	 the	 thermal	 degradation	 of	
oxygenated	compunds	found	in	oligosaccharides	and	polysaccharides.	Phenols	originate	from	
the	degradation	of	lignin	(Al	Shra'ah	&	Helleur,	2014;	Chen	et	al.,	2016a;	Chen	et	al.,	2016b;	
Kaal	et	al.,	2012)	and	furancarboxaldehyde	formed	from	hemicellulose	in	the	biomass	(Barta	
&	Ford,	2014;	Reza	et	al.,	2013;	Reza	et	al.,	2012).	Further	alkyne,	aliphatic,	ketonic,	esters,	
phenolic	and	paraffinic	compound	are	not	seen	in	biochar	but	are	commonly	seen	in	bio-oils.			
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Reformation	and	catalysts	
Whilst	bio-oil	has	a	wide	range	of	applications,	it	is	not	suitable	for	transportation	due	to	its	
unfavourable	properties:	high	viscosity,	 low	energy	density,	 thermal	 instability,	high	water	
content,	and	corrosiveness	(Barta	&	Ford,	2014;	Shen	et	al.,	2014).	Given	these	challenges	
bio-oil	is	often	upgraded	and	reformed	to	meet	the	needs	of	different	end	users,	such	as	the	
fuel	and	industrial	markets.	The	most	popular	methods	of	reformation	are	through	secondary	
methods	such	as	catalytic	reforming	downstream	of	furnaces	known	as	ex-situ	reforming	(Jin	
et	 al.,	 2015).	 The	 catalytic	 reforming	 process	 is	 the	most	widely	 studied	 technique	which	
include	metallic	catalysts,	alkalis	or	acids	metals	mineral	substrates	(zeolites)	(Adrados	et	al.,	
2013;	Bridgwater,	2012;	Jin	et	al.,	2015;	Mortensen	et	al.,	2011;	Pucher	et	al.,	2015).	
Catalytic	reforming	of	pyrolysis	vapours	enables	the	cracking	of	organic	molecules	in	the	bio-
oil,	leading	to	reductions	in	tar	formation	(Adrados	et	al.,	2015).	Many	catalysts	focus	on	the	
cracking	of	aromatic	compounds,	involving	deoxygenation	of	the	compounds.	These	methods	
require	 additional	 hydrogen	 gas,	 and	 pressure	 for	 hydrodeoxygenation	 (Mortensen	 et	 al.,	
2011).	
		
Environmental	persistence	of	solids		
In	 soil,	 biochar	 provides	 a	 long-term	 carbon	 storage	 option,	mainly	 due	 to	 the	 aromatic-
macromolecular	structure	which	is	resistant	to	weathering	and	microbial	decomposition,	with	
mean	resistance	times	predicted	at	over	10000	years.	However,	greater	residence	times	have	
been	seen	in	the	case	of	Terra	preta	the	ancient	Amazonian	anthroposols,	with	greater	than	
10000-year	half-lives.	Increases	in	pyrolysis	temperature	result	in	increased	carbonisation	and	
increasing	the	theoretical	capacity	to	adsorb	organic	contaminants	through	higher	CEC	and	
surface	area.		
	The	 ultimate	 goal	 is	 for	 biochar	 to	 act	 as	 a	 long-term	 sink	 for	 carbon.	 Soil	 application	 of	
biochar	may	enhance	both	soil	quality	and	be	an	effective	means	of	sequestering	significant	
amounts	 of	 C,	 thereby	 helping	 to	 mitigate	 global	 climate	 change	 through	 carbon	
sequestration.	Incorporation	of	biochar	into	soils	offers	the	added	benefit	of	improving	soil	
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health	and	increasing	agricultural	yield	(Lehmann,	2007;	Woolf	et	al.,	2010).	Application	to	
soil	has	been	demonstrated	to	increase	nutrient	availability	(Windeatt	et	al.,	2014)	and	water	
holding	capacity	(Mayer	et	al.,	2014).	Overall,	a	net	reduction	in	greenhouse	gas	emissions	
through	sequestration	in	soils	and	fossil	fuel	offsets	has	been	reported	(Woolf	et	al.,	2010;	
Smith,	 2016).	 Recent	 interest	 has	 focused	 on	 the	 persistence	 of	 biochar	 in	 both	 ancient	
(Frausin	et	al.	2014;	Grossman	et	al.	2010;	Schmidt	et	al.	2014)	and	modern	soils	(Weng	et	al.	
2017).			
Countries	 in	 which	 poor	 soils	 are	 abundant	 may	 benefit	 substantially	 from	 agricultural	
innovations	 that	 include	biochar	 (Crane-Droesch	et	al.,	2013;	Barrett	and	Bevis	2015;	FAO	
2013).	The	2008	UN	Convention	to	Combat	Desertification	(UNCCD)	addressed	soil	fertility	
improvements	from	biochar	addition	(United	Nations.,	2006).	Biochar	research	activities	can	
contribute	substantially	to	the	2°C	target	for	limiting	global	warming	(FAO	2013;	Wollenberg	
et	 al.,	 2016).	 Further	 global	 efforts	 in	 biochar	 research	 are	 required	 to	 understand	 and	
manage	nutrient	dynamics	and	impacts	on	greenhouse	gas	emissions.	Biochar	also	has	the	
potential	to	deliver	United	Nations	‘sustainable	development	goals’	(Wheeler,	2016).	
Building	on	strategies	like	this,	it	has	been	suggested	that	biochar	could	present	a	possible	
solution	 to	 this	 impasse.	 Biochar’s	 ability	 to	 use	 low-risk	 carbon	 capture	 through	
photosynthesis,	and	pyrolysis	of	the	biomass,	creating	recalcitrant	carbon	storage.	Storage	
which	may	have	further	agronomic	benefits	outside	its	carbon	sequestration	potential.	Where	
previous	 strategies	 have	 been	 limited	 by	 the	 current	 growth	 and	 retention	 of	 forests,	
biochar’s	 ability	 is	 to	 store	 carbon	 in	 chemically	 recalcitrant	 forms	 in	 the	 soil.	 Passing	 the	
notion	that	carbon	holding	capacity	of	soils	is	that	of	native,	pre-cultivation	soils	which	limit	
the	carbon	capture	potential	of	soils	at	an	estimated	40-60	Gt	globally;	however,	the	addition	
of	chemically	recalcitrant	forms	of	carbon	like	biochar	have	shown	not	to	have	increased	in	
the	decomposition	rate	of	carbon	in	soil,	meaning	that	carbon	stored	can	show	lifetimes	far	
that	of	organic	biomass	that	has	been	added	to	soils.	Often	studies	refer	to	the	Terra	Preta	de	
Indio,	 the	dark	earth	of	the	Amazon	which	 is	an	example	of	charred	organic	matter	which	
resists	microbial	breakdown	and	has	been	stable	in	soils	for	80,000-	100,000	years.		
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The	anthropogenic	origins	of	these	soils	have	garnered	interest	due	to	the	widespread	nature	
of	 the	 soils,	 the	 increased	 fertility	 of	 the	 soils,	 and	 demonstrated	 long-term	 carbon	
sequestration	ability.	The	enhanced	fertility	of	the	terra	preta	soils	is	in	stark	contrast	to	the	
surrounding	 soils,	which	has	been	attributed	 to	 the	high	 levels	of	 soil	 organic	matter	 and	
greater	nutrient	withholding	capacity	of	 the	soils	and	 increased	microbial	activity	creating	
faster	nutrient	 cycling.	 Further	benefits	 such	as	 the	higher	pH	and	water	holding	 capacity	
increase	 the	 separation	 between	 the	 dark	 earths	 and	 surrounding	 soils,	 which	 are	mildly	
acidic	and	lack	the	ability	to	hold	water.	It	is	these	soils	that	have	driven	the	idea	of	biochar	
addition	to	soil,	demonstrating	the	benefits	of	carbon	storage	and	improving	soil	fertility.			
The	structure	of	the	biochar	and	its	ability	to	form	graphitic	materials	is	based	strongly	upon	
the	source	feedstock	and	pyrolysis	conditions.	Feedstocks	at	a	base	level	differ	in	moisture	
content,	 and	 chemical	makeup,	 drawn	 from	 the	 conditions	under	which	 the	biomass	was	
formed.	 Pyrolysis	 induces	 volatilization	 of	 various	 organic	 compounds	 and	 therefore	 an	
accumulation	of	ash	in	the	biochars	(Singh,	Singh	&	Cowie	2010),	such	accumulation	sees	an	
enrichment	of	trace	elements	which	may	be	detrimental	to	plant/	soil	health	(Alburquerque	
et	al.	2016;	Beesley,	Moreno-Jimenez	&	Gomez-Eyles	2010;	Buss	et	al.	2016).		
Polycyclic	aromatic	hydrocarbons	(two	or	three	condensed	aromatic	rings	with	low	molecular	
weight)	dominate	the	pyrolysis	steam	vapour	evolved	during	pyrolysis	(Alburquerque	et	al.	
2016;	Buss	et	al.	2016;	Fabbri	et	al.	2013;	Fagernas,	Kuoppala	&	Simell	2012).	Variations	in	
feedstock	 and	 pyrolysis	 temperature	 can	 change	 the	 relative	 concentrations	 of	 individual	
PAHs	 in	 the	 vapour	 leading	 to	 potential	 differences	 in	 toxicity	 (Alburquerque	 et	 al.	 2016;	
Freddo,	Cai	&	Reid	2012;	Hale	et	al.	2012;	Hilber	et	al.	2012;	Keiluweit	et	al.	2012;	Kloss	et	al.	
2012;	 Koltowski	 &	 Oleszczuk	 2015).	 Although	 studies	 have	 shown	 the	 toxicity	 and	
concentration	of	PAH	as	by-products	of	pyrolysis,	the	amounts	of	PAHs	that	remain	in	slowly	
pyrolysed	 biochars	 explicitly	 produced	 for	 soil	 amendment	 are	 largely	 unknown	
(Alburquerque	et	al.	2016;	Lyu	et	al.	2016;	Quilliam	et	al.	2013;	Rey-Salgueiro	et	al.	2016;	
Zielinska	&	Oleszczuk	2016).			
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Analysis	of	solids		
A	plethora	of	approached	have	been	used	in	the	analysis	of	the	solid	product	produced	by	
pyrolysis.	With	 analytical	 approached	 looking	 to	 aid	 in	 the	 identification	 of	 the	 forms	 of	
carbon	is	commonly	assisted	through	solid	phase	analysis	such	as	SEM,	XRD,	FTIR,	solid	state	
NMR	and	Raman	(Chen,	DY	et	al.	2015;	Chia	et	al.	2012;	Diakite	et	al.	2013;	Guizani	et	al.	2017;	
Kloss	et	al.	2012).	Raman	spectroscopy	of	carbonised	materials	can	be	characterised	by	the	
presence	of	2	major	bands	(Figure	2.3),	which	can	often	be	masked	by	the	presence	of	strong	
fluorescence,	 due	 to	 polycyclic	 aromatic	 compounds	 that	 form	 during	 the	 pyrolysis,	 and	
organic	 amorphous	materials,	 which	 have	 not	 yet	 been	 carbonised	 (Guizani	 et	 al.,	 2017;	
Mukome	et	al.,	2013;	Uchimiya	&	Hiradate,	2014;	Uchimiya	et	al.,	2015;	Uchimiya	et	al.,	2013;	
Uras-Postma	 et	 al.,	 2014).	 Use	 of	 longer	 wavelength	 excitation	 sources	 can	 assist	 in	 the	
reduction	of	 fluorescence,	 leading	 to	greater	peak	resolution	 (Chia	et	al.	2012;	Tang	et	al.	
2016).	Pure	graphite	will	have	one	band	at	1580cm-1	(G	band)	caused	by	sp2	carbon	atoms	
found	in	graphitic	materials	and	double	bonds	(Beyssac	et	al.,	2002;	Nakamura	et	al.,	2017).	
Structural	 imperfections,	 i.e.	 defects,	 edges	 as	well	 as	oxygen	 functionalities	bonded	with	
carbon	surface	of	graphite	will	cause	the	appearance	of	a	D-band	~	1350cm-1	(Chia	et	al.	2012;	
Tang	 et	 al.	 2016).The	 ratio	 of	 both	 bands	 can	 be	 used	 to	 make	 inferences	 about	 the	
proportions	 of	 ordered	 to	 disordered	 graphitic	 materials;	 if	 the	 D-band	 is	 significantly	
stronger	 than	 the	 G-band	 IntensityD/IntensityG	 peak	 ratio	 of	 greater	 than	 1,	 this	 would	
indicate	that	more	of	the	graphitic	carbon	is	disordered.		
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Figure	2.3	-	Raman	spectra	recorded	for	(a)	graphite,	(b)	graphene	oxide	and	(c)	graphite	oxide	(Reproduced	from	Gurzęda	
et	al.	2017).	
		
Further	 differentiation	 of	 the	 carbon	 phases	 is	 assisted	 through	 the	 application	 X-ray	
Diffraction	Pattern	(XRD).	The	XRD	spectra	in	Figure	2.4	shows	graphite’s	002	peak	at	2θ	=	
26.7°,	after	the	introduction	of	oxygen	functionalities,	the	graphitic	peak	shifts	to	2θ	=	10.3°.	
Graphene	oxide	and	reduced	graphene	oxide	are	represented	by	a	lack	of	sharp	peaks,	the	
disappearance	of	which	can	be	attributed	to	the	exfoliation	of	the	layered	structures	of	both	
graphite	and	graphite	oxide;	whilst	the	breadth	of	the	peak	stems	from	the	partial	restacking	
of	exfoliated	graphene	layers	(Zhang	et	al.,	2013c).			
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Figure	2.4	-	XRD	patterns	of	graphite,	graphite	oxide,	reduced	graphene	oxide	and	C60/rGO	hybrid	(reproduced	from	
Zhang,	Zhang	&	Wang	2013)	
		
	Whilst	 Raman	 and	 XRD	 analysis	 look	 at	 the	 broader	 physical	 structure	 of	 the	 char,	 FTIR	
analysis	is	often	used	to	look	at	the	surface	functional	groups	of	biochars	(Ahmad	et	al.	2012;	
Brewer	et	al.	2009;	Marx,	Chiyanzu	&	Piyo	2014;	Song	&	Guo	2012;	Srinivasan	&	Sarmah	2015;	
Srinivasan	et	al.	2015).	The	FTIR	spectrum	of	graphite	is	often	shown	lacking	significant	peaks	
due	to	the	absence	of	functional	groups,	banding	which	does	appear,	is	often	attributed	to	
the	adsorbed	water	molecules	or	contamination	resultant	from	the	purification	process.	The	
lack	 of	 significant	 peaks	 in	 the	 FTIR	 spectra	 is	 also	 repeated	 for	 that	 of	 graphene.	 FTIR	
spectroscopy	does	show	promise	when	used	in	the	identification	of	functional	groups	bound	
to	 either	 graphite	 or	 graphene.	 In	 the	GO	 spectra	 the	 characteristic	 peaks	 for	 C-O	 bonds	
appear	at	about	1230–1215	cm-1,	with	peaks	at	1415	cm−1,	and	1160	cm−1	from	carbonyl	or	
carboxyl	 respectively.	Graphene	oxide	and	graphite	oxide	are	precursors	 to	 functionalised	
graphene	or	reduced	graphene	oxide	(RGO).	By	the	reduction	of	GO	to	graphene/RGO	(Figure	
2.5),	the	functional	group	(C=O,	O‒O	or	H‒H)	peaks	are	reduced	due	to	deoxygenation.	Thus	
the	FTIR	spectra	for	RGO	is	possible	to	be	characterised	by	the	appearance	of	a	peak	centred	
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in	the	range	of	1585–1565	cm−1	which	can	be	attributed	to	the	aromatic	C=C	group	from	the	
graphene	sheet.		
	
	
Figure	2.5	-		FTIR	curves	of	graphene	oxide	and	reduced	graphene	oxide	(Ossonon	&	Bélanger	2017)	
		
Complementary	 to	 the	 data	 from	 FT-IR	analysis,	 Solid	 state	 NMR	 is	 used	 to	 identify	 the	
broader	 functional	group	 that	again	dominate	 the	sample	 (Barta	&	Ford,	2014;	Cao	et	al.,	
2012;	 Hammes	 et	 al.,	 2008;	 Johnson	 &	 Schmidt-Rohr,	 2014).	 NMR	 methods	 are	 non-
destructive	and	have	been	used	in	the	analysis	of	both	biomass	polymers,	or	char	(Foston,	
2014;	Le	Brech	et	al.,	2015;	Özbay	et	al.,	2008;	Webber	et	al.,	2013).	Biochars	prepared	at	low	
pyrolysis	 temperatures	 retain	 spectral	 features	 both	 the	 carbohydrate	 and	 lignocellulosic	
composition	 of	 biomass.	 The	 most-commonly	 used	 technique	 is	13C	 CP/MAS.	 In	 this	
technique,	 the	 magnetization	 from	 abundant	1H	 is	 transferred	 to	 dilute	13C	 by	 cross	
polarization	and	then	detected.	However	at	higher	temperatures	it	has	been	noted	that	this	
is	no	longer	an	approatite	technique.	High	temperature	biochars	usually	contain	significant	
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non-protonated	fused-ring	aromatic	carbons	cannot	cross	polarize	well	with	1H,	and	are	thus	
difficult	to	detect	by	CP.	13C	DP/MAS	has	been	suggested	as	a	possible	alternative	with	60%	
higher	detection	(Mao	et	al.,	2013).		
	
Analysis	of	bio-oils		
Analysis	of	bio-oils	is	typically	determined	by	employing	the	conventional	methods	for	fuels	
analysis	with	adjustments	made	to	suit	the	physiochemical	properties	of	bio-oils.	Bio-oil	is	a	
complex	 mixture	 of	 water	 and	 several	 hundreds	 of	 mainly	 oxygenated,	 polar	 organic	
compounds	 that	 exhibit	 a	 wide	 range	 of	 chemical	 functionalities:	 carbonyl-compounds	
(ketones,	aldehydes,	and	furanoics),	sugars,	carboxylic	acids,	and	aromatics	(hydrocarbons,	
polyaromatic	hydrocarbons	(PAHs),	and	phenolics).		
Primarily	gas	chromatography	–	mass	spectrometry	is	used	to	identify	the	compounds	in	bio-
oil,	however	because	of	the	many	hundreds	of	components	of	bio-oil	quantification	of	these	
components	is	exceedingly	difficult.	Whilst	GC-MS	is	able	to	understand	the	volatile	fraction	
of	bio-oils,	multiple	solvent	extractions	are	needed	to	fully	understand	all	components	of	the	
oil.	Further,	headspace	analysis	of	bio-oils	is	often	undertaken	to	resolve	compounds	with	a	
high	 volatility.	 Increasingly	 the	 development	 of	 sophisticated,	 comprehensive,	 techniques	
such	as	GC × GC	or	GC-MS	x	MS	are	being	used	to	identify	components.		
Due	to	the	water	content	of	the	bio-oil,	analytical	techniques	such	as	FT-IR	can	provide	varied	
results	 due	 to	 the	 strong	 IR	 absorption	 of	 water	 in	 samples	 masking	 signals	 from	 the	
functional	 groups	 present.	 Wet	 chemistry	 analytical	 techniques	 such	 as	 the	 Karl	 Fischer	
titration,	used	to	determine	the	water	content	of	the	samples	is	often	employed.	With	NMR	
supplementing	this	data	with	information	on	the	broader	functional	group	which	dominate	
the	bio-oils.	
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Chapter	3 Methods	
3.1.	Biomass	
The	biomass	that	was	investigated	in	this	work	was	selected	due	to	its	common	occurrence	
as	green	waste	materials.	The	materials	were:	Eucalyptus	sp.	fresh	woodchip,	Eucalyptus	sp.	
aged	 woodchip,	 a	 Eucalyptus	 tereticornis	 branch,	 Archontophoenix	 cunninghamiana	 leaf	
fronds,	 Archontophoenix	 cunninghamiana	palm	branch,	Archontophoenix	 cunninghamiana	
palm	base,	and	Prunus	 serrulata	cuttings.	A	description	of	each	of	 these	materials	 can	be	
found	in	the	following	sections.	
3.1.1	Eucalyptus	sp.	Biomass	
A	mixed	species	Eucalyptus	woodchip,	common	as	a	green	waste	material	was	sampled.	To	
understand	the	 importance	of	age,	a	recently	harvested	 ‘green	wood	chip’	and	a	9-month	
'aged	 wood	 chip’	 that	 had	 been	 left	 outdoors	 to	 season	 were	 collected.	 The	 wood	 chip	
samples	ranged	in	size	(3x5	to	10x100	mm)	and	were	collected	in	bulk	(100kg).	No	further	
processing	 of	 these	 samples	 was	 undertaken	 prior	 to	 experimental	 work.	 A	 Eucalyptus	
tereticornis	branch	was	collected	to	act	as	a	proxy	for	larger	material.	Eucalyptus	has	been	
extensively	 used	 in	 Australia	 to	 produce	 both	 biochar	 and	 charcoal,	 further	 due	 to	 the	
distribution	of	Eucalyptus	it	forms	a	large	component	of	naturally	produced	charcoal	from	fire	
(Abdullah	et	al.,	2010a;	Bach	et	al.,	2016;	Singh	et	al.,	2010;	Sun	et	al.,	2013;	Wu	et	al.,	2011;	
Yani	et	al.,	2014).		
3.1.2.	Palm	green	waste	
The	 palm	 Archontophoenix	 cunninghamiana	 is	 a	 common	 green	 waste	 material	 and	 is	
typically	not	processed	as	a	wood	chip	due	to	the	fibre	content.	Approximately	1kg	samples	
of	 the	 fresh	 palm	 frond,	 the	 palm	 rachis,	 and	 the	 base	 of	 the	 palm	were	 harvested	 and	
collected.	 The	palm	material	was	not	 allowed	 to	age.	 These	 samples	are	more	 commonly	
understood	as	palm	leaf,	palm	branch,	and	palm	base	respectively	and	will	be	referred	to	as	
such.	Minimal	 research	has	been	 carried	out	on	biochar	produced	by	 slow	pyrolysis	 from	
palms	(Som	et	al.,	2012).	However,	the	production	of	bio-oils	and	biochar	from	fast	pyrolysis	
has	 been	 extensively	 studied	 (Glasner	 et	 al.,	 2011;	 Kim	 et	 al.,	 2013;	 Kong	 et	 al.,	 2014b;	
Mubarak	et	al.,	2014;	Parshetti	et	al.,	2014;	Samsuri	et	al.,	2014;	Thangalazhy-Gopakumar	et	
al.,	2015)	
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3.1.3.	Cherry	blossom	cuttings	
The	temperate	climate	cherry	blossom	(Prunus	serrulata)	was	selected	as	an	alternative	to	
the	Eucalyptus	hardwoods.	The	cherry	blossom	is	a	popular	ornamental	plant	and	has	been	
utilised	for	biochar	studies	previously	(Case	et	al.,	2012).	
	
3.2.	Pyrolysis	experiments	
Biomass	was	slow	pyrolysed	using	different	approaches,	dependent	upon	temperature	and	
mass	yield	required.	Pyrolysis	between	100˚C	and	600˚C	was	performed	in	sealed	pyrex	tubes.	
Pyrolysis	 experiments	 at	 a	 maximum	 temperature	 of	 600°C	 were	 conducted	 in	 a	 large	
diameter	horizontal	tube	furnace,	while	those	experiments	whose	temperatures	were	above	
600˚C	were	conducted	in	a	muffle	furnace.	
Experiments	 in	 the	 range	 of	 100°C	 to	 600°C	 were	 pyrolysed	 in	 evacuated	 Pyrex	 tubing.	
Approximately	5	grams	of	 small	 fragments	of	biomass	were	weighed	and	pyrex	 tube	heat	
sealed	under	vacuum.	The	biomass	was	heated	at	5°C/min-1	to	the	maximum	temperature	
needed	(100˚C	–	600˚C).	The	upper	temperature	was	held	for	60	minutes.	The	tube	was	then	
cooled	 to	 room	 temperature	 at	 5°C	 /min-1.	 Following	 cooling,	 the	 tube	 was	 broken,	 and	
sample	 weighed	 to	 determine	 biochar	 yield;	 bio-oil	 yield	 was	 measured	 through	 the	
difference	between	the	tube	mass	before	and	after	pyrolysis.		
For	the	tube	furnace	experiments,	50g	of	the	sample	was	weighed	into	ceramic	crucibles,	and	
slow	pyrolysed	in	a	70mm	tube	furnace	(Labec	HTHTF,	Labec	Laboratory	Equipment	Pty	Ltd,	
Marrickville,	NSW).	Prior	 to	 the	experiment,	 the	 furnace	was	purged	with	N2	gas,	and	 the	
furnace	outlet	connected	to	a	water	bubbler	and	N2	gas	continuously	flowed	under	positive	
pressure.	The	protocol	for	pyrolysis	proceeded	as	5°C/min-1	to	120°C,	then	held	for	10	minutes	
then	5°C/min-1	 to	600°C	±5°C.	The	maximum	temperature	of	600°C	±5°C	was	held	 for	120	
minutes;	the	furnace	was	then	cooled	to	25˚C	at	5°C	/min-1.	After	pyrolysis,	crucibles	were	
removed	and	weighed	to	determine	the	yield	of	the	retained	sample.	
The	experiments	with	temperatures	greater	than	600°C	were	pyrolysed	using	a	Modutemp	
muffle	 furnace	 WW718N01	 (Labec	 Laboratory	 Equipment	 Pty	 Ltd,	 Marrickville,	 NSW)	 in	
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ceramic	 crucibles,	 under	 an	 insulating	 layer	 of	 crushed	 quartz	 sand	 to	 create	 an	 anoxic	
environment.	The	heating	profile	was	5°C/min-1	to	the	maximum	temperature	needed	(700˚C	
–	1000˚C).	The	upper	temperature	was	held	for	60	minutes.	The	furnace	was	then	cooled	to	
room	temperature	at	5°C	/min-1.	After	cooling,	samples	were	weighed	to	determine,	product	
yield.	
	
3.3.	Physical	analysis	of	biomass	and	biochar	
3.3.1.	Thermogravimetric	analysis	
Thermogravimetric	 analysis	 (TGA)	 of	 biomass	 samples	 was	 conducted	 using	 a	 Mettler	
TGA/DSC1	Thermogravimetric	analyser	under	a	stream	of	N2,	with	the	ground	biochar	sample	
held	in	aluminium	sample	pans	heated	at	a	rate	of	10°C	/min	to	590°C.	
3.3.2.	SEM	imaging	
Micrographs	were	taken	using	the	JEOL	6510LV	Scanning	Electron	Microscope	(SEM)	under	
both	high	vacuum	and	low	vacuum	modes.	The	instrument	was	operated	in	either	Secondary	
electron	 image	 (SEI),	 or	 backscattered	 electron	 composition	 image	 (BEC)	 modes	 with	 an	
acceleration	voltage	of	20kV	and	a	working	distance	of	15mm.	The	samples	were	mounted	
on	 aluminium	 specimen	 stubs	 using	 carbon	 tape	with	 no	 additional	 coating.	Micrographs	
were	taken	on	all	solid	biochar	samples	formed	in	experiments	from	chapters	3	and	4.	
3.3.3.	Raman	analysis	
Raman	 analysis	 was	 performed	 on	 all	 solid	 biochar	 samples,	 using	 a	 Bruker	 Senterra	
RamanScope.	A	785nm	laser	at	10mW	power	and	50x	Objective	with	an	integration	time	of	
10	seconds	and	co-addition	of	10x10	second	bursts.	A	total	of	8	scans	were	taken	across	the	
surface	 of	 the	 biochar,	 with	 the	 results	 averaged	 to	 show	 a	 composite	 spectrum	 for	 the	
sample.	 Samples	 that	 showed	 significant	 fluorescence	 (pyrolysis	 temperatures	 less	 than	
300˚C)	were	subsequently	analysed	using	a	Bruker	Vertex	70	infrared	spectrometer	with	FT-
Raman	attachment	and	1064nm	excitation	 laser;	here	analysis	was	undertaken	at	100mW	
power	with	an	integration	time	of	10	seconds.	Once	again	the	resultant	spectra	was	the	result	
of	8	scans	averaged.			
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3.3.4.	Mass	loss	on	ignition	
Mass	 loss	 on	 ignition	 (LOI)	 was	 determined	 using	 a	Modutemp	 furnace	WW718N01	 and	
performed	on	the	solid	biochar	(600°C).	1.00g	of	biochar	was	heated	to	1000°C	in	ceramic	
crucibles	in	a	non-oxygen	limited	environment.	The	LOI	was	calculated	as	the	difference	in	
mass	before	and	after	ignition.		
	
3.4.	Biochar	chemical	analysis	of	biomass	and	biochar	
3.4.1.	Wet	chemical	analysis	
3.4.1.1.	Organic	carbon	
Organic	carbon	was	measured	using	the	Walkley-Black	chromic	acidic	wet	oxidation	method	
(Walkley	&	Black,	1934).	This	test	was	performed	on	both	solid	biochar	samples	from	multiple	
forms	of	biomass,	to	test	the	amount	of	organic	carbon,	and	against	the	samples	prior	to	and	
following	weathering	to	determine	the	amount	of	amorphous	carbon	lost	during	weathering	
(Rasse	et	al.,	2017;	Song	&	Guo,	2012).	
3.4.1.2.	Bray	1	
The	concentration	of	phosphate	was	tested	using	Bray	1	methodology	(Bray	&	Kurtz,	1945).		
3.4.1.3.	pH	and	acidity	
pH	was	measured	on	a	suspension	of	1:5	sample:	DI	Water	(w/v)	and	exchangeable	acidity	
1:5	sample:	0.01mol/L	CaCl2	(w/v)	in	DI	Water	(Rayment	&	Lyons,	2010).	The	solutions	were	
shaken	for	1	hour	and	pH	measured	using	a	Sper	Scientific	pH	meter	and	850059P	probe.		
	
3.4.2.	Solid	phase	analysis	
3.4.2.1.	Elemental	analysis		
A	 PANalytical	 Epsilon	 3-XL	 X-ray	 fluorescence	 (XRF)	 spectrometer	was	 used	 for	 elemental	
analysis	of	all	analysable	elements,	with	1g	of	ground	sample	pelleted	in	boric	acid).		
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Further	elemental	testing	was	obtained	using	a	Vario	EL	elemental	analyser,	in	6mg	tin	sample	
capsules,	to	quantitatively	determine	the	ratios	of	carbon,	hydrogen,	nitrogen,	and	sulphur.		
3.4.2.2.	FT-IR	
FT-IR	spectral	analysis	was	undertaken	using	a	Perkin	Elmer	Spectrum	100	FT-IR	Spectrometer	
equipped	with	UATR	1	Bounce,	Di/ZnSe	Crystal.	Spectra	were	collected	in	the	range	of	650-
3500	cm-1	at	a	resolution	of	2cm-1,	spectra	obtained	were	the	average	result	of	64	scans.	
3.4.2.3.	Nuclear	magnetic	resonance	spectroscopy	
13C	nuclear	magnetic	resonance	(NMR)	spectroscopy	was	conducted	using	a	Bruker	DPX200	
(solid	state)	spectrometer	(Bruker,	Alexandria,	Australia)	at	50	MHz	Larmor	frequency	(200	
MHz	1H	Larmor	frequency)	on	the	finely	ground	biochar	samples.	All	experiments	were	run	in	
a	double	resonance	probe	head	using	4-mm	zirconia	rotor	with	Kel-F	fluted	rotor	caps	under	
magic-angle	 spinning	 (MAS)	 at	 10	 kHz.	 13C	 cross-polarisation	 (CP)-MAS	NMR	 spectra	were	
recorded	with	a	5μs	90°	pulse,	variable	amplitude	CP,	a	2ms	contact	time,	and	16384	to	69418	
scans.	1H	MAS	NMR	spectra	were	recorded	with	a	5μs	90°	pulse	and	64	scans.	13C	single-pulse	
excitation	(SPE)-MAS	NMR	spectra	were	recorded	with	a	5μs	90°	pulse	and	4096	to	36432	
scans.	The	spectra	were	recorded	and	processed	with	Topspin.	The	1H	and	13C	chemical	shift	
scales	 were	 calibrated	 externally	 to	 the	 signals	 of	 adamantane	 at	 1.64	 and	 38.48	 ppm,	
respectively	(Morcombe	&	Zilm,	2003).		
3.4.2.4.	X-ray	difraction	
XRD	analysis	of	the	biochar	was	characterised	using	a	Bruker	d8	advance	X-ray	diffractometer	
equipped	with	 Cu	 Ka	 radiation	 conducted	 at	 40	 kV	 and	 30	mA.	 Scan	 data	 was	 collected	
throughout	 the	 2q	 range	 from	 10˚	 to	 90˚	 with	 a	 scan	 speed	 of	 0.25˚	 per	min.	 Data	 was	
normalised	to	NIST	standard	SiO2	and	data	smoothed	using	the	TOPAS	software	package	
	
3.5	Soxhlet	weathering	
The	experiment	was	conducted	in	a	Soxhlet	reactor	following	the	methodology	used	by	Pédro	
(1961)	and	Yao	et	al.	(2010).	10.0	grams	of	sample	was	placed	into	the	soxhlet.	The	return	
rate	of	water	at	180	mL/hour	gave	an	extraction	temperature	of	30˚C.	The	experiment	was	
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run	for	a	total	of	1000hours.	Experiments	using	simulated	rainwater,	and	a	simulated	acid	
rain	were	undertaken.	
As	 per	 Koch	 et	 al.	 (1986),	 two	 solutions	 were	 prepared	 to	 replicate	 simulated	 rainwater	
containing	the	cations	and	anions	commonly	found	in	rain	and	acid	rain	(Table	3.1).	
	
Table	3.1	-	Target	values	for	simulated	rainwater	used	in	weathering	experiments.	(mg/L)	
		 Target	Values	
		
Simulated	Rain	
Water	
Simulated	
Acid	Rain	
pH	 4.3	 3.6	
Fluoride	 0.05	 0.1	
Chloride	 0.25	 1	
Nitrate		 0.5	 7	
Sulphate	 2.7	 11	
Sodium	 0.2	 0.4	
Potassium	 0.05	 0.1	
Ammonium	 0.1	 1	
Calcium	 0.01	 0.05	
Magnesium		 0.025	 0.05	
	
Following	 the	 experiment,	 100ml	 of	 the	 water	 was	 freeze-dried,	 with	 the	 solid	 product	
dissolved	into	2mL	DCM.		
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3.6	Extraction	of	PAH’s	from	biochar.	
To	 understand	 the	 mobility	 of	 polycyclic	 aromatic	 hydrocarbons	 (PAHs)	 extraction	 using	
dichloromethane,	methanol,	and	hexane	was	undertaken	using	the	soxhlet	approach.	10.0	g	
of	biochar	solid	was	placed	in	the	reactor,	as	with	~	200ml	of	solvent	for	8	hours.	Following	
from	the	weathering,	an	extended	soxhlet	leaching	process	was	undertaken	using	hexane	as	
the	solvent,	and	again	1000hours	contact	time.	
	
3.7	Production	of	bio-oils		
The	bio-oil	was	obtained	through	the	slow	pyrolysis	of	Eucalyptus	sp.	woodchip.	To	obtain	
significant	yield	approximately	15kg	of	Eucalyptus	sp.	biomass	was	heated	using	propane	in	a	
20L	 cylindrical	 batch	 reactor,	 with	 the	 reactor	 brought	 to	 600°C	 ±10°C	 at	 5°C/min	 and	
maintained	for	120	minutes.	The	reactor	was	connected	to	a	thermocouple	and	to	a	1200mm	
water	jacketed	condenser,	cooled	by	a	saline	H2O	ice	slurry.	The	viscous	oil	products	were	
collected	and	frozen	after	sampling	to	slow	the	rate	of	decomposition.	
	
3.8	Gas	chromatography	instrumentation		
Volatile	components	in	the	samples	were	measured	using	a	Shimadzu	GCMS-QP2010	SE	gas	
chromatograph-	mass	spectrometer	utilising	a	Rxi®-5Sil	MS,	30m,	0.25mm	ID	column,	with	
helium	carrier	gas.	Table	3.2.	shows	the	reagents	used	for	GC-MS	analysis.	
	
Table	3.2	-	Materials	used	in	gas	chromatography	analysis	
		 Supplier	 Grade	
dichloromethane		 Sigma-Aldrich	 ≥99.8%	HPLC	Grade	
n-hexane	 Fisher	Scientific	 ≥95%	Spectroscopy	Grade	
n-pentane		 Fisher	Scientific	 ≥99.0%	HPLC	Grade	
methanol		 Sigma-Aldrich	 ≥99.9	HPLC	Grade	
EPA	610	Polynuclear	Aromatic	Hydrocarbons	Std	 Sigma-Aldrich/Supelco	 CRM	
DRH-TX-001-10X	Hydrocarbon	Standard	 ACCUStandard	 HPLC	Grade	
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3.8.1	Bio-oil	characterisation	solvent	extraction	using	pentane	and	dichloromethane	
Solvent	extraction	was	carried	out	on	the	bio-oils	with	both	pentane	and	dichloromethane.	
Samples	were	analysed	using	split	injection	at	a	rate	of	50:1,	with	1µL	of	solution,	injected	
into	the	inlet	port.	The	column	temperature	was	held	at	40°C	for	10	minutes	after	injection	
before	heating	to	a	maximum	temperature	of	330°C	at	a	rate	of	10°C	min-1,	this	maximum	
was	then	held	for	15	minutes.	The	injector	temperature	was	held	at	a	constant	300°C.	
3.8.2.	PAH/soxhlet	extraction	using		hexane	/	methanol	
Samples	were	analysed	using	split	injection	at	a	rate	of	50:1,	with	1µL	of	solution,	injected	
into	the	inlet	port.	The	column	temperature	was	held	at	70°C	for	10	minutes	after	injection	
before	heating	to	a	maximum	temperature	of	330°C	at	a	rate	of	10°C	min-1,	this	maximum	
was	then	held	for	15	minutes.	The	injector	temperature	was	held	at	a	constant	300°C.	
	
3.9.	Catalytic	reforming	
Reforming	experiments	were	performed	using	a	stainless	steel	reactor,	with	a	45ml	capacity	
PTFE	insert	(Parr	Instrument	Company).	The	raw	bio-oil	(obtained	in	section	3.7)	or	the	model	
phenol	or	m-cresol	solutions	were	premixed	with	the	catalyst	at	a	1:10	(w:w)	ratio	and	placed	
in	the	Teflon	insert	and	heated	to	200°C	for	4	hours.	Solutions	remained	in	the	pressure	vessel	
and,	allowed	to	cool	to	ambient	temperatures	then	further	chilled	to	4°C	before	decantation.	
Solutions	were	filtered	and	transferred	to	glass	tubes,	under	a	N2	atmosphere	and	chilled	to	-
18°C.	 Analysis	 of	 the	 reformed	 products	was	 carried	 out	 as	 per	 section	 3.8.1.	 using	 a	 1:1	
pentane	extraction.		
	
3.9.1.	Catalyst	preparation	
3.9.1.1.	Zeolite	
Sigma	Aldrich	5Å	Molecular	sieves	with	composition	0.8	K2O:	0.2	Na2O:	1	Al2O3	:	2.0	∀	0.1	
SiO2	:	x	H2O,	in	1.6mm	pellets.	This	catalyst	underwent	activation	at	160˚C	for	8	hours,	then	
cooled	and	stored	until	use	in	a	vacuum	desiccator.		
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3.9.1.2.	NH-ZSM-5	
The	ammonium	form	of	the	ZSM-5	catalyst	(silica	to	alumina	ratio	equal	to	50	and	surface	
area	equal	to	425	m2/g)	in	this	study	was	purchased	from	Sigma	Aldrich	(Castle	Hill,	NSW,	
Aus).		
3.9.1.3.	HZSM-5	
The	HZSM-5	was	prepared	from	the	ammonium	form	of	the	ZSM-5;	the	catalyst	was	calcined	
in	air	at	550°C	for	4	h	to	convert	into	HZSM-5.	
3.9.1.4.	Iron	oxide	
Iron(III)	oxide	was	purchased	from	Sigma	Aldrich	for	this	study	before	use	catalyst	was	dried	
at	95˚C	for	4	hours.	
3.9.1.5.	Pd	on	carbon	
A	 commercial	 form	 of	 Palladium	 on	 carbon	 was	 used	 for	 these	 experiments,	 purchased	
initially	from	Sigma	Aldrich.	The	Pd	on	C	was	in	a	300	Z	form,	with	a	5%	Pd	loading.		
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Chapter	4 -	Physical	and	chemical	characterisation	of	biochars	
Overview	
Biochar	 ranges	 in	 composition	 from	 polyaromatic	 to	 elemental	 carbon-rich	 structures	
depending	 upon	 the	 starting	 material	 (biomass)	 and	 pyrolysis	 conditions	 (heating	 rates,	
temperature	and	duration	at	 temperature).	Biochar	materials	are	composed	of	a	 range	of	
crystalline	and	amorphous	carbon	materials;	heteroatoms	 (including	oxygen,	nitrogen	and	
hydrogen)	are	likely	to	persist	in	biochar	as	forms	of	surface	functional	groups.		
	
4.1.Thermogravimetric	analysis	
Thermogravimetric	 analysis	 of	 biomasses	 was	 carried	 out	 in	 order	 to	 determine	 the	
temperature	range	for	pyrolysis.	Figure	4.1	shows	the	devolatilization	characteristics	for	the	
seven	 types	 of	 biomass;	 all	 types	 showed	 a	 similar	 pattern.	 All	 the	 biomass	 started	 to	
devolatilize	at	temperatures	between	200	and	250°C.	A	rapid	weight	loss	was	then	observed	
between	 250-350°C;	 which	 is	 usually	 characteristic	 of	 by	 the	 loss	 of	 moisture,	 volatile	
compounds	and	the	decomposition	of	organic	components	including	cellulose,	hemicellulose	
and	lignin	(Theegala	&	Midgett,	2012).	Hemicellulose	in	biomass	is	known	to	degrade	in	the	
temperature	range	of	200-300°C,	cellulose	at	250-350°C	and	lignin	at	a	wider	range	of	200-
500°C	(Carrier	et	al.,	2011).	This	rapid	devolatilisation	phase	was	followed	by	a	steady	and	
slower	 weight	 loss	 phase	 that	 started	 ~400°C	 and	 continued	 to	 600°C.	 This	 later	 phase	
indicates	 biochar	 formation,	 and	 the	 loss	 of	 carbon	 (Parshetti	 et	 al.,	 2014).	 Hence,	 the	
temperature	for	further	pyrolysis	experiments	for	all	biomass	types	was	selected	as	600°C.		
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Figure	4.1	 -	TGA	curves	of	 biomass	under	a	nitrogen	atmosphere,	heating	rate	of	10K/min,	 initial	 increases	 in	mass	are	
artefacts	 from	the	inrush	flow	of	the	nitrogen	gas.	The	seven	curves	show	the	mass	change	when	heated	from	ambient	
(30°C)	to	600°C	of	the	biomass	types	
	
35	
	
4.2.		Physical	analysis		
The	 structure	 of	 the	 samples	 after	 pyrolysis	 (Figure	 4.2),	 shows	 minimal	 change	 to	 the	
morphology	of	the	initial	biomass.	The	biochar	shows	high	porosity,	presenting	pores	with	
size	ranging	from	10-200µm.	The	large	pore	sizes	present	in	the	biochar	originated	from	the	
vascular	system	of	the	raw	biomass,	the	micrographs	(Figure	4.2)	show	pyrolysed	xylem	with	
an	 average	 pore	 diameter	 of	 167µm.	 The	 xylem	 in	 the	 raw	 biomass	 would	 have	 been	
surrounded	 by	 relatively	 uniform	 parenchyma	 and	 the	 artefacts	 from	 this	 remain	 in	 the	
biochar.	The	longitudinal	section	of	the	aged	Eucalyptus	sp.	wood	chip	(Figure	4.2B)	shows	
morphology	similar	to	that	of	scalariform	pits	in	the	xylem.		
SEM	analysis	 showed	 the	persistence	of	 the	open-porous	 structure	 (Figure	4.2)	which	will	
assist	in	water	and	nutrient	retention	when	applied	to	soil	(Tang	et	al.,	2013).	The	presence	
of	 larger	macropores	 (>0.05µm)	 is	essential	 for	 the	biochar’s	 function	as	a	substrate	upon	
which	microbes	can	interact	with	the	soil	(Atkinson	et	al.,	2010).	Further,	the	open	porous	
structure	of	the	biochar	leads	to	high	surface	areas,	which	would	further	aid	in	increasing	the	
ion	exchange	capacity	of	the	substrate	but	also	acting	as	an	adsorbent	material	for	pollutants.	
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Figure	4.2	 -	SEM	Micrographs	of	 the	7	biomass	types	 slow	pyrolised	at	600°C	under	a	N2	atmosphere.	A	 fresh	Eucalptus	sp.	
woodchip,	B	aged	Eucalptus	sp.	woodchip,	C	Eucalptus	tereticornis	branch,	D	palm	leaf,	E	palm	branch,	F	palm	base,	and	G	cherry	
branch.		
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Further	thermal	degradation	of	the	samples	resulted	 in	a	mass	 loss	of	~93%	(Table	4.1)	of	
Eucalyptus	sp.	wood	chips,	which	highlights	the	low	ash	content	of	all	these	biochars.	This	is	
a	result	of	the	slower	heating	rates	for	pyrolysis	under	true	anoxic	conditions	used	in	these	
experiments.	 This	 thermal	 degradation	was	 due	 to	 non-degraded	 lignin	 decomposing	 and	
further	loss	of	carbon	(Kim	et	al.,	2012)	confirming	that	an	increase	in	extreme	temperature	
can	diminish	the	structural	integrity	of	the	biochar.	
	
Table	4.1	-	Biochar	yield(%)	from	slow	pyrolysis	of	the	multiple	biomass	types	under	a	N2	atmosphere.	Mass	loss	on	ignition	
(%)	 shows	 the	 percentage	 of	 mass	 lost,	 upon	 heating	 the	 solid	 biochar	 to	 1000°C	 in	 an	 oxygenated	 environment.	
	
Sample	ID	 %	Biochar	Yield	
Biochar	Mass	Loss	on	
Ignition	%	
Fresh	Wood	Chip	 20	 93	
Aged	Wood	Chip	 35	 94	
Eucalyptus	Branch	 37	 92	
Palm	Leaf	 44	 92	
Palm	Branch	 40	 91	
Palm	Base	 23	 94	
Cherry	Branch	 31	 93	
	
The	Raman	spectra	(Figure	4.3)	shows	the	similarity	between	the	two	materials.	All	materials	
show	both	the	D	Peak	(~1350	cm-1	first-order	defect	band),	corresponding	to	graphitic	lattice	
vibration	 mode,	 and	 is	 attributed	 to	 the	 in-plane	 imperfections	 expected	 in	 amorphous	
graphitic	 material.	 A	 second-order	 band	 is	 present	 at	 1590	 cm-1	 (G)	 band,	 attributed	 to	
stretching	vibrations	within	graphite’s	 aromatic	 layers.	 Typically,	 The	D	Band	at	1350cm-1,	
corresponds	 to	 in-plane	 imperfections	 in	 the	 graphitic	 lattice	 vibration	 mode	 caused	 by	
defects	and	heteroatoms	(Ferrari	&	Robertson,	2000).	The	flat	baselines	from	2000	cm-1	in	
the	Eucalyptus	and	palm	branch	samples,	show	the	loss	of	amorphous	and	undecomposed	
organic	matter	 (Beyssac	 et	 al.,	 2003).	 The	 assignment	 of	 these	 bands	 and	 their	 presence	
and/or	absence	 in	biochar	materials	can	be	used	as	a	measure	of	reactivity	and	structural	
integrity.	The	ID:IG	ratios	(inset	Figure	4.3),	are	used	to	show	the	degree	of	aromatisation	and	
organisation		present	within	the	structures;	the	smaller	the	ratio	between	the	D	and	G	peaks	
suggests	the	formation	of	planar	graphitic	structures	(Smith	et	al.,	2016).	This	ratio	shows	that	
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both	the	Eucalyptus	woodchip	samples,	showed	the	highest	degree	of	aromatisation	which	
leads	to	greater	persistence	in	the	environment	(Sohi	et	al.,	2010).	
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Figure	4.3	-	Raman	spectra	of	solid	biochar	produced	from	biomass	pyrolised	at	600°C	under	a	N2	atmosphere.	D-band	
(1350	cm-1)	and	G-band	(1580cm-1)	of	graphite.	Numbers	shows	the	relative	order	of	the	biochar,	extracted	from	the	
intensity	ratio	ID/IG.	
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4.3.	Chemical	analysis		
Biochar	samples	showed	organic	carbon	content,	ranging	from	10%	to	14%	(Table	4.2).	The	
organic	carbon	content	has	the	ability	to	both	increase	fertility	and	the	level	of	carbon	stored	
in	 soils.	 This	 data	 is	 similar	 to	 data	 reported	 by	 Singh	 et	 al.	 (2012).	 The	 phosphate	
concentration	 of	 all	 biochars	 was	 similar	 ranging	 from	 91	 mg/kg	 in	 fresh	 Eucalyptus	 sp.	
woodchips	124mg/kg	in	the	aged	woodchip	(Table	4.2).	The	high	phosphate	concentration	
further	 demonstrates	 the	 potential	 fertility	 the	 biochar	 samples	 could	 provide	 to	 the	 soil	
when	applied;	however,	these	values	are	lower	than	low-temperature	biochar	as	reported	by	
(Kookana	et	al.,	2011).	
Both	the	organic	carbon	and	phosphate	tests	resulted	in	encouraging	results	for	biochar	as	a	
fertility	 amendment	 in	 soils.	 The	 high	 concentration	 of	 organic	 carbon	 demonstrates	 the	
ability	to	store	carbon	in	the	biochar	and	further	making	it	available	for	plant	uptake	in	the	
soil	 (Atkinson	et	al.,	2010;	Nelissen	et	al.,	2015;	Rosenani	et	al.,	2014).	Many	studies	have	
shown	biochar	to	be	phosphate-rich	(Nelson	et	al.,	2011;	Shepherd	et	al.,	2016;	Soinne	et	al.,	
2014;	Trazzi	et	al.,	2016;	Vandecasteele	et	al.,	2016;	Zhao	et	al.,	2016).	These	results	show	
that	the	conversion	of	the	green	waste	to	biochar	can	increase	in	the	carbon	and	phosphate	
pool	within	the	soil.			
The	 equilibrium	 pH	 of	 the	 biochar	 materials	 was	 circumneutral	 and	 presented	 marginal	
exchangeable	acidity	when	applied	to	soil.	Differences	between	pH	(H2O)	and	pH	(CaCl2)	were	
evident	between	aged	woodchip,	palm	leaf,	and	cherry	branch.	Measuring	the	pH	using	water	
is	thought	to	more	accurately	represent	the	pH	that	plant	roots	are	exposed	to,	however	using	
CaCl2	solution	allows	for	reproducibility	of	sampling	over	time	(Peverill	et	al.,	1999).		
	
Table	 4.2	 -	 Results	 of	 the	 chemical	 analysis	 undertaken	 on	 the	 solid	 biochar	 samples	 produced	 from	 varying	 biomass,	
pyrolised	at	600°C	under	a	N2	atmosphere.	
Sample	ID	 pH	(H2O)	 pH	(CaCl2)	
Phosphate	
(mg/kg)	
Organic	Carbon	
%	
Fresh	Wood	Chip	 7.00	 7.30	 91	 11.7	
Aged	Wood	Chip	 8.66	 7.35	 124	 13.6	
Eucalyptus	Branch	 7.44	 7.35	 104	 9.9	
Palm	Leaf	 8.24	 7.45	 136	 12.2	
Palm	Branch	 7.51	 7.25	 98	 13.3	
Palm	Base	 7.42	 7.39	 97	 10.2	
Cherry	Branch	 8.32	 7.42	 109	 9.9	
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The	XRF	results	shown	in	(Table	4.3)	demonstrate	typical	ratios	of	calcium,	potassium,	silicon	
and	sulphur	for	plant	material	(Qu	et	al.,	2014).	Following	methods	of	application	of	biochar	
to	soil,	in	extreme	cases	where	50t/ha	(Chan	et	al.,	2008)	was	applied,	only	2%	of	the	soil	was	
made	up	of	biochar,	and	thus	the	heavy	metals	falling	well	within	the	National	Environment	
Protection	Measures	 (2013)	standards.	However,	biochar	has	 the	ability	 to	complex	metal	
ions	to	its	surface,	further	reducing	the	bioavailability	of	heavy	metals	in	the	soil	(Beesley	et	
al.,	2011).	
	
Table	4.3	-	Elemental	analysis	of	biochar	produced	from	biomass	pyrolised	at	600°C	under	a	N2	atmosphere;	comprised	of	
data	from	both	CHNS	elemental	analysis	conducted	on	ground	biochar	and	XRF	elemental	analysis	performed	on	biochar.	
Sample	ID	
Elemental	Analysis	 Macronutrients	 Heavy	Metals	
C	
g/kg	
H	
g/kg	
N	
g/kg	
S	
g/kg	
Ca	
g/kg	
K	
g/kg	
Si	
g/kg	
Cu	
mg/k
g	
Zn	
mg/k
g	
As	
mg/k
g	
Pb	
mg/k
g	
Fresh	Wood	Chip	 801	 41	 34	 7	 0.76	 2.75	 0.47	 12.4	 64.2	 3.0	 8.1	
Aged	Wood	Chip	 830	 35	 41	 9	 0.49	 2.92	 1.27	 7.3	 44.3	 2.1	 3.7	
Eucalyptus	Branch	 860	 33	 30	 7	 0.74	 4.83	 0.03	 5.4	 18.1	 2.5	 2.5	
Palm	Leaf	 837	 30	 40	 7	 0.19	 1.63	 9.30	 2.4	 18.0	 1.2	 1.7	
Palm	Branch	 863	 27	 33	 8	 0.19	 3.78	 0.29	 5	 19.3	 2.6	 0.7	
Palm	Base	 802	 46	 43	 10	 0.10	 5.27	 1.61	 2.5	 11.0	 0.5	 1.5	
Cherry	Branch	 830	 38	 49	 12	 0.70	 3.31	 0.15	 7.9	 25.7	 1.0	 2.3	
	
Due	to	the	C=C	peaks	present	in	the	FT-IR	spectra	(Figure	4.4),	the	biochar	shows	to	have	an	
aromatic	or	strongly	bonded	carbon	molecular	structure	which	in	turn	makes	it	resistant	to	
decay	 (Atkinson	 et	 al.,	 2010).	 This	 aromatic	 structure	 can	 be	 attributed	 to	
dehydrated/pyrolysed	 lignin	 retained	 in	 the	product	 (Chen	et	 al.,	 2008;	De	 La	Rosa	et	 al.,	
2014).	The	FTIR	spectra	suggest	a	disordered	structure	dominates	the	biochar	shown	by	broad	
peaks.	The	disordered	macromolecular	structure	is	recalcitrant	and	resistant	to	decay	and	will	
have	prolonged	stability	in	the	natural	environment	(Beyssac	et	al.,	2003).		The	sharp	peaks	
shown	at	700-800cm-1	caused	by	C-H	wag	vibrations	suggest	the	formation	of	minimal	C-OH	
structures	moving	towards	carbon	dominated	structures.		
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Figure	4.4	-	FT-IR	spectra	of	biochar	produced	from	biomass	pyrolised	at	600°C	under	a	N2	atmosphere.	
	
This	aromatic	structures	has	been	further	strengthened	by	the	NMR	results	(Figure	4.5)	which	
show	that	the	various	forms	of	biomass,	have	strong	peaks	in	the	aromatic	region,	with	no	or	
little	 peaks	 visible	 towards	 the	 lower	 ppm	 range.	 Peaks	 in	 this	 lower	 ppm	 range,	 usually	
indicate	 the	 presence	 of	 C-C,	 or	 C-O	 bonding	 often	 found	 in	 various	 carbohydrates,	 or	
structures	such	as	lignin,	cellulose	and	hemicellulose.		
The	lack	of	strong	peaks	between	10	and	70ppm	suggested	that	the	structure	of	the	biochar	
after	pyrolysis	has	been	converted	into	a	highly	aromatic	c=c	structure	which	would	be	highly	
resistant	 to	 decay.	 A	 small	 peak	 at	 170ppm	 was	 observed	 in	 the	 fresh	 woodchip	 and	
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eucalyptus	branch	which	suggested	the	presence	of	polycyclic	aromatic	hydrocarbons.	The	
presence	 of	which	 in	 high	 enough	 concentrations	would	make	 the	 biochar	 unsuitable	 for	
application	as	a	soil	amendment	due	to	the	carcinogenic	effects	of	PAH.	The	presence	of	PAH	
in	biochar	was	then	tested	with	a	leaching	experiment	as	can	be	found	in	chapter	6.	
	 	
43	
	
	
	[
pp
m
]
 1
50
 
 1
00
 
 5
0 
"C
he
rr
y 
Br
an
ch
" 
 2
  
1 
 E
:\
nm
r
  
 "
Ch
er
ry
 B
ra
nc
h"
  
2 
 1
  
E:
\n
mr
Sc
al
e 
: 
3.
77
01
  
  
"P
al
m 
Ba
se
" 
 2
  
1 
 E
:\
nm
r
Sc
al
e 
: 
6.
44
81
  
  
"P
al
m 
Br
an
ch
" 
 2
  
1 
 E
:\
nm
r
Sc
al
e 
: 
3.
55
57
  
  
"P
al
m 
Le
af
" 
 2
  
1 
 E
:\
nm
r
Sc
al
e 
: 
1.
62
89
  
  
"E
uc
al
yp
tu
s 
Br
an
ch
" 
 2
  
1 
 E
:\
nm
r
Sc
al
e 
: 
5.
84
86
  
  
"A
ge
d 
Wo
od
 C
hi
p"
  
2 
 1
  
E:
\n
mr
Sc
al
e 
: 
3.
80
7 
  
 "
Fr
es
h 
Wo
od
 C
hi
p"
  
2 
 1
  
E:
\n
mr
Fi
gu
re
	4
.5
	-	
So
lid
	st
at
e	
13
C	
cr
os
s-
po
la
ris
at
io
n	
-M
AS
	N
M
R	
sp
ec
tr
a	
fo
r	b
io
ch
ar
	p
ro
du
ce
d	
fro
m
	d
iff
er
ei
ng
	b
io
m
as
s	a
t	6
00
°C
.	A
	fr
es
h	
Eu
ca
lp
tu
s	
sp
.	w
oo
dc
hi
p,
	B
	a
ge
d	
Eu
ca
lp
tu
s	
sp
.	w
oo
dc
hi
p,
	C
	E
uc
al
pt
us
	te
re
tic
or
ni
s	
br
an
ch
,	D
	p
al
m
	le
af
,	E
	p
al
m
	b
ra
nc
h,
	F
	p
al
m
	
ba
se
,	a
nd
	G
–	
ch
er
ry
	b
ra
nc
h.
		
A
 
B C D E E F
44	
	
4.5.	Conclusion		
Common	green	waste	products	such	as	those	tested	can	be	converted	to	biochar	which	on	
the	 whole	 pose	 no	 detriment	 to	 the	 soil	 to	 which	 it	 is	 being	 integrated.	 The	 increased	
temperature	resulted	 in	a	highly	porous	material	with	high	organic	carbon	and	phosphate	
contents	indicating	that	these	materials	may	be	useful	as	a	soil	fertility	amendment.	Raman	
spectra	data	allowed	for	an	understanding	of	the	macromolecular	structure,	supporting	the	
stability	of	the	biochar.	It	further	confirms	that	we	have	made	a	structure	that	is	extremely	
resistant	to	decay	that	will	provide	fertility	 	to	 the	 soil	 and	 prolonged	 existence	 in	 the	
natural	environment.	Future	research	will	focus	on	testing	the	persistence	of	these	materials	
in	the	natural	environment	and	the	effect	on	agricultural	productivity.		
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Chapter	5 -	Effect	of	pyrolysis	conditions	on	eucalyptus	woodchip	
biochar	
Overview	
In	 Chapter	 4	 it	 was	 established	 that	 fresh	 Eucalyptus	 sp.	 wood	 chip	 was	 the	most	 likely	
material	to	form	graphite	and	graphene-type	structures.	 In	this	Chapter,	focus	 is	drawn	to	
better	understanding	the	threshold	temperature	for	these	changes	in	Eucalyptus	sp.	between	
the	original	cellulose,	hemicellulose,	and	lignin	to	graphite	and	ultimately	a	reduced	graphene	
oxide.	The	variation	in	these	forms	of	carbon	plays	an	important	role	in	the	environmental	
stability	of	the	biochar.		
This	Chapter	concludes	with	an	 investigation	 into	stability	using	a	time-effective	 lab-based	
approach	 on	 a	 biochar	 with	 the	 lowest	 temperature	 for	 graphite	 formation.	 Whilst	 the	
absolute	stability	of	biochar	in	the	environment	cannot	be	inferred	from	purely	laboratory-
based	studies,	neither	can	it	be	determined	through	purely	field-based	studies	(Krasilnikov,	
2015;	Kuzyakov	et	al.,	2014).	Parameters	including	soil	type,	moisture	content,	temperature,	
(Nguyen	 et	 al.	 2008),	 biological	 activities,	 land	 use	 practices	 all	 affect	 the	 rates	 at	 which	
degradation	and	decomposition	of	biochar	occur	(Ding	et	al.,	2016;	Fang	et	al.,	2014;	Hussain	
et	al.,	2017;	Luo	&	Gu,	2016;	Mukherjee	et	al.,	2016;	Sigua	et	al.,	2014;	Sorrenti	et	al.,	2016;	
Warnock	 et	 al.,	 2007;	 Yang	 et	 al.,	 2016;	 Yuan	 et	 al.,	 2013;	 Zimmerman,	 2010).	 The	most	
important	 factor	 is	 time,	 and,	 for	 graphitic-rich	 biochar,	 the	 key	 degradation	 will	 be	
weathering	reactions	driven	by	water.	Due	to	these	complexities	a	 laboratory-based	study	
where	weathering	can	be	hastened	has	been	undertaken.	
	
5.1.	Thermogravimetric	analysis	
The	 fresh	Eucalyptus	 sp.	biomass	 converts	 to	 a	 biochar	 as	 temperature	 increases	 and	 this	
transformation	 can	 be	 divided	 into	 4	 stages.	 The	 first	 stage	 is	 the	 loss	 of	 water	 and	
dehydration	and	this	occurs	as	the	original	biomass	approaches	and	exceeds	100°C	(Figure	
5.1).	This	is	visually	evident	on	the	first	derivative	plot	(red	line).	This	dehydration	stage	results	
in	 about	 a	 10%	 loss	 of	 mass.	 As	 temperature	 continues	 to	 increase,	 there	 is	 a	 steady	
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decomposition	(15%	loss)	of	hemicellulose	and	cellulose	materials	between	100	and	270°C.	
The	first	derivative	plot	demonstrates	a	number	of	peaks	for	mass	loss	and	can	be	associated	
to	the	complex	mix	of	cellulose	materials.	At	approximately	270°C	to	370°C	a	rapid	mass	loss	
occurs.	Approximately	40%	of	mass	is	lost	in	this	temperature	range	and	lignin	decomposition	
is	expected	to	be	the	dominant	contributor.	Following	this	rapid	decomposition,	the	majority	
of	the	original	mass	has	been	lost	and	crystalline	and	non-crystalline	carbon	is	the	remaining	
material.	Temperatures	in	excess	of	400°C	show	lower	amounts	of	mass	loss	as	recalcitrant	
oils	and	carbon	are	shed	from	the	biochar.	The	first-derivative	plot	shows	the	small	changes	
occurring	during	this	carbonation	phase.	The	maximum	temperature	for	this	experiment	was	
limited	to	600°C.	Higher	temperatures	are	discussed	in	the	following	section.	
	
	
Figure	5.1	 -	 Thermogravimetric	 analysis	 (TGA/DSC	1;	Mettler-Toledo,	 Leicester,	UK)	of	 Fresh	 Eucalyptus	 sp.	Woodchip,	
heated	at	10°C	min-1	under	a	nitrogen	atmosphere,	showing	the	phases	of	mass	lost	from	35°C	to	590°C	(blue	curve).	The	
first	derivative	of	the	TGA	curve	(the	DTG	curve)	is	plotted	to	demonstrate	inflection	points	(red	curve).	
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5.2	Isothermic	investigation	of	Eucalyptus	sp.		
	
A	total	of	10	individual	samples	of	fresh	Eucalyptus	sp.	biomass	was	heated	at	100°C	intervals	
between	the	temperatures	of	100	and	1,000°C.	These	samples	were	prepared	in	either	sealed	
evacuated	Pyrex	tubing	(100	-	800°C)	and	under	sand	(800	-	1,000°C)	for	120	minutes.	The	
following	sections	detail	the	analysis	of	these	samples.	Table	5.1	shows	the	mass	yields	for	
the	both	the	biochar	and	bio-oil	fractions	at	different	temperatures.	
Table	 5.1	 -	Experimental	 yield	 calculations	of	 Fresh	Eucalyptus	 sp.	Woodchip,	 calculations	 for	 both	 the	bio-oil	 and	non-
condensable	fractions	are	not	shown	for	temperatures	above	700°C	due	to	the	different	method	for	pyrolysis;	samples	700°C	
and	below	were	pyrolysed	 in	evacuated	Pyrex	 tubing,	with	 samples	above	produced	under	anoxic	 conditions	 in	 ceramic	
crucibles.	
	 	
Temperature	
Biochar	Yield	
(%)	
Condensable	Yield	
(Bio-Oil)	(%)	 Mass	Lost	(%)	
Ambient	 100.0	 0.0	 0.0	
100°C	 92.2	 3.2	 4.5	
200°C	 88.6	 5.5	 5.8	
300°C	 72.6	 11.5	 15.8	
400°C	 33.0	 39.7	 27.2	
500°C	 26.0	 32.9	 41.0	
600°C	 20.0	 41.1	 38.8	
700°C	 12.7	 50.8	 36.3	
800°C	 10.0	 -	 -	
900°C	 8.2	 -	 -	
1000°C	 7.4	 -	 -	
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5.3.	Fourier-transformed	infra-red	analysis	of	surface	functional	groups	
The	FT-IR	spectra	for	the	10	samples	heated	between	100	and	1,000°C	is	presented	in	Figure	
5.2.	 There	 are	 four	 distinct	 stages	 of	 transformation	 evident	 (noting	 that	 in	 difference	 to	
Section	5.1	the	water	stage	<100°C	is	not	included).	Between	100	and	300°C	the	cellulose	and	
lignin	materials	are	evident	in	the	1,000	cm-1	to	1,500	cm-1	range,	with	proportionally	few	CH	
bonds	between	650	cm-1	and	1,000	cm-1.	The	 thermal	decomposition	of	 the	cellulose	and	
lignin	can	result	in	the	exposure	of	a	variety	of	aliphatic,	aromatic,	and	hydroxyl	functional	
groups.	Between	400	and	700°C	where	the	lignin	decomposition	is	complete,	at	1,000	cm-1	to	
1,500	cm-1	a	transition	occurs	towards	broad	CO	peaks.	Additionally,	between	400	and	700°C	
the	650	cm-1	to	1,000	cm-1	region	displays	CH	bonds.	Temperatures	in	excess	of	900°C	show	
limited	CH	bonds	 indicating	 the	presence	of	a	graphene-type	structures.	Overall,	 graphitic	
type	structures	are	 first	evident	 in	the	600°C	sample	with	the	transmittance	at	 the	700	to	
1,000	cm-1	of	note.	At	even	higher	temperatures	it	appears	that	the	graphitic	structure	is	not	
the	 dominant	 component	 (if	 present	 at	 all),	 and	 a	 graphene	 oxide	 (or	 reduced	 graphene	
oxide)	is	present	(evident	by	the	band	at	1,600	to	2,000	cm-1).		
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Figure	5.2	–	FT-IR	spectra	for	biochar	produced	at	a	range	of	temperatures	from	100°C	to	1,000°C.	Dotted	lines	show	the	
approximate	wavenumbers	for	the	assignment	of	surface	functional	groups.	
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5.4.	Raman	analysis	of	bonding	structures	
The	Raman	spectroscopy	of	the	9	samples	heated	between	200	and	1,000°C	is	provided	in	
Figure	5.3.	 It	 should	be	noted	that	 the	100°C	sample	demonstrated	a	high	degree	of	auto	
fluorescence	so	was	not	included	and	the	200°C	sample	also	auto	fluoresced	but	is	included	
in	Figure	5.3	to	demonstrate	the	complexity	of	the	system.	Overall,	the	D-band	peak	exhibited	
a	 small	 red	 shift	 as	 the	 experimental	 temperature	 was	 increased,	 which	 is	 linked	 to	 the	
removal	 of	 impurities	 in	 the	 carbon	 material.	 The	 persistence	 of	 the	 G-band	 across	 all	
temperatures	indicated	the	presence	of	sp3	carbon.		
The	ID/IG	ratio	can	be	used	to	infer	the	ratio	of	sp2/sp3	carbon	in	a	material,	and	based	upon	
this	ratio,	the	samples	can	be	divided	into	two	groups.	Between	300	and	700°C,	the	ID/IG	ratio	
is	~0.7	with	the	intensity	of	the	G-band	greater	than	the	D-band.	The	sloping	in	the	baseline	
of	 the	 samples	 in	 this	 group	 is	 linked	 to	 fluorescence	 from	 hydrogen	 saturated	 aliphatic	
hydrocarbons.	Then	at	temperatures	between	800	and	1,000°C	the	ID/IG	band	ratio	 is	~1.3	
which	indicates	the	formation	of	carbon-rich	aromatics.	The	presence	of	reduced	graphene	
oxide	is	likely	in	these	samples	as	there	is	no	graphene	2D	band	at	~2,700cm-1.		 	
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5.5.	XRD	analysis	of	crystalline	phases	in	biochar	
The	XRD	patterns	of	ambient	(unheated)	biomass	for	reference	and	samples	heated	between	
100°C	and	1,000°C	is	provided	in	Figure	5.4.	There	are	four	distinct	stages	of	transformation	
evident	and	these	are	in	general	agreement	with	sections	5.2.1	and	5.2.2.	Between	ambient	
and	300°C	the	[200]	peak	for	cellulose	persists	at	22.6°	2θ	and	is	not	present	in	samples	at	
400°C	and	higher.	The	lignin	[110]	peak	at	16.5°	2θ	is	also	present,	but	persists	to	500°C.	The	
samples	between	400	and	600	degrees	demonstrate	the	presence	of	graphite	with	a	small	
peak	at	26.6°	2θ.	This	peak	 increases	with	 intensity	as	 the	experimental	 temperature	was	
increased.	At	temperatures	between	700	and	900°C	the	formation	of	graphite	dominates	and	
a	graphene	oxide	and	reduced	graphene	oxide	appears.	This	is	evident	by	the	21.5°	2θ	peak	
which	is	the	[311]	graphene	oxide	peak.	The	peaks	at	29.5°	2θ	that	persist	across	the	range	of	
temperatures	 are	 the	 result	of	 carbon	 crystallites.	Ultimately,	 at	 1,000°C	 the	graphite	has	
decomposed	and	no	clear	peaks	are	present.	This	is	indicative	of	the	formation	of	reduced	
graphene	oxide.		
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5.6.	SEM	investigation	into	the	surface	morphology	of	biochar	
SEM	analysis	was	used	to	identify	the	surface	morphology	of	the	biochar.	Biochar	due	to	the	
slow	 pyrolysis	 process	 shows	 limited	 change	 as	 temperature	 increases,	 these	 results	 are	
coordinated	with	previous	findings.	Surface	SEM	images	show	sheet-like	morphology	of	the	
carbon	materials	due	to	the	initial	biomass	structure	(Chia	et	al.,	2012;	Keiluweit	et	al.,	2010;	
Purakayastha	 et	 al.,	 2015;	 Suliman	 et	 al.,	 2016).	 This	 also	 suggests	 that	 the	 open	 porous	
structure	of	the	biochar	is	due	to	the	decomposition	of	cellulose	and	hemicellulose	as	can	be	
observed	 in	 SEM	 images;	 however,	 lignin,	 having	 a	 largely	 aromatic	 structure,	 forms	 the	
visible	structure	in	images	figure	5.5E	through	figure	5.6I.	The	dehydration	of	salts	is	visible	at	
temperatures	from	100°C	to	300°C.	However,	they	are	no	longer	apparent	at	temperatures	
above	300°C.	The	surface	morphology	of	the	charcoal	remained	the	same	for	temperatures	
below	to	900°C,	however,	once	crossing	 that	 threshold	 the	surface	morphology	no	 longer	
resembles	that	of	the	initial	biomass.	At	pyrolysis	temperatures	of	1,000°C,	the	sample	shows	
the	sheet-like	morphology	of	graphene	oxide	(GO)	or	reduced	graphene	oxide	(rGO)	obtained	
from	thermal	exfoliation/reduction	of	the	biochar	(Figure.	5.6J).	
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Figure	5.5	-	SEM	images	from	biochar	pyrolised	across	a	range	of	temperatures	in	100°C	increments	starting	from	100°C	(A)	to	600°C	(F);	
temperatures	700°C	(G)	to	1000°C	(J)	continued	in	Figure	5.6.	
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Figure	5.6-	Continued	from	Figure	5.5	-	SEM	images	from	biochar	pyrolised	across	a	range	of	temperatures	in	100°C	increments	start	from	
700°C	(G)	to	1000°C	(J)	
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5.7.	Environmental	stability	
5.7.1.	Weathering	impact	on	mass	and	organic	carbon	content	
Chemical	 oxidation	 has	 been	 proposed	 as	 a	method	 to	 assess	 long-term	 biochar	 stability	
(Rasse	et	al.,	2017;	Song	&	Guo,	2012).	Initial	carbon	content	of	the	Eucalyptus	sp.	woodchip	
was	85.9%	(Chapter	4.3.	Table	4.3),	upon	which	74.2%	was	recalcitrant	to	K2Cr2O7-H2SO4	with	
an	organic	carbon	percentage	of	11.7%.	The	organic	carbon	content	post	leaching	was	6.7,	
4.3	and	5.1%	across	the	3	treatments	(Table	5.2).	The	change	in	organic	carbon,	and	mass	loss	
of	 the	 charcoal	 through	weathering	 indicates	 the	 loss	 of	 amorphous	 structures	 from	 the	
biochar.	This	data	suggests	that	it	is	the	labile	carbon	fraction	that	has	been	removed	from	
the	biochar,	leaving	an	increasingly	recalcitrant	fraction	(Singh	et	al.,	2015).		
Table	5.2	-	Mass	and	Organic	carbon	changes	after	leaching	
Sample	 Mass	Change	(%)	 Organic	Carbon	(%)	
Control	 -	 11.7%	
Simulated	acid	rain	weathering	 -9.5	 6.7%	
Simulated	rain	weathering	 -6.6%	 4.3%	
	
5.7.2.	Weathering	impact	on	surface	functional	groups	
FT-IR	analysis	of	the	surface	functional	groups	present	in	the	biochar	samples	are	presented	
in	Figure	5.7.	The	acid	rain	weathered	and	control	samples	show	a	high	degree	of	similarity,	
with	minimal	changes	to	the	functional	groups	observed.	This	suggests	that	both	the	labile	
and	recalcitrant	fractions	of	the	biochar	were	affected.	The	rain	weathered	biochar,	differs	
significantly	 from	 the	 original	 charcoal,	 dominated	 by	 the	 presence	 of	 a	 significant	water	
peak,	 and	 a	 reduction	 polar	 compounds.	 Hexane	 weathering	 of	 the	 biochar,	 showed	 a	
significant	 reduction	 in	 aliphatic	 bonding	 as	 can	 be	 expected	 from	 organic	 liquids,	 with	
increases	 in	peak	 sharpness	at	1250	cm-1	 to	1600	cm-1	showing	a	proportional	 increase	 in	
aromatic	 structures.	 These	 results	 demonstrate	 that	 rain	 weathering	 leaches	 the	 labile	
amorphous	carbon	structures	 from	the	biochar,	while	 the	acidic	 rain	weathering	 removed	
aromatic	structures	in	addition	to	the	amorphous	carbon	structures.	
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Figure	 5.7	 -	 FT-IR	 spectra	 for	 biochar	 produced	 at	 600°C	 (characterised	 in	 section	 5.3),	 and	 the	 biochar	 after	 1000hrs	
weathering.	
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5.7.3	Weathering	impact	on	carbon	bonding	and	structure	
Raman	 spectroscopy	 as	 was	 used	 previously	 is	 widely	 used	 to	 characterise	 the	 bonding	
structure	 of	 carbon	 based	 materials,	 which	 can	 be	 used	 to	 make	 inferences	 about	 the	
structure	of	the	material.	The	pre	leaching	spectrum	for	the	biochar	is	concurrent	with	the	
data	 brought	 forward	 in	 both	 Chapters	 4	 and	 5,	 confirming	 again	 that	 this	 structure	 has	
graphitic	elements,	with	the	proportion	of	disordered	structure	to	ordered	structure	less	than	
one.		
The	 increase	 in	 signal	 intensity	 in	 higher	wave	 numbers	 can	 be	 related	 to	 an	 increase	 in	
sample	 fluorescence	 due	 to	 the	 presence	 of	 amorphous	 carbon	 structure	 from	 non-
decomposed	lignin.	This	fluorescence	decreased	in	all	weathered	biochar	which	fits	with	the	
one	pool	model,	confirming	results	 from	chemical	oxidation	suggesting	that	 it	 is	 the	 labile	
carbon	fraction	that	has	been	removed	from	the	biochar,	leaving	an	increasingly	recalcitrant	
fraction	(Schulze	et	al.,	2016).	The	appearance	of	peaks	at	2250	cm-1	suggest	an	increase	in	a	
Carbon	sp3	bonding,	which	could	suggest	the	breakdown	of	graphitic	sheets,	however	this	
result	is	not	confirmed	by	FT-IR	analysis	or	XRD	analysis	suggesting	that	the	formation	of	a	
Carbon	sp3	fraction	is	not	dominating	the	material.	
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Figure	5.8	 -	Raman	spectra	 for	biochar	produced	at	600°C	 (characterised	 in	Chapter	5.4),	and	 the	biochar	after	1000hrs	
weathering.	
	
The	 XRD	 data	 presented	 in	 Figure.	 5.9	 suggests	 the	 minimal	 changes	 to	 the	 crystalline	
structure	of	 the	biochar.	 The	002	planes	 at	 2θ	=	 23.	 6°	 from	 the	XRD	 results	 confirm	 the	
graphitic	nature	of	the	samples.	The	weathered	samples	showed	a	decrease	in	C-BC	due	to	
the	decrease	in	the	characteristic	peaks	at	26.6°	linked	to	the	bonding	of	amorphous	carbon	
to	crystalline	carbon.	The	lack	of	variance	between	treatments	combined	with	the	data	from	
FT-IR,	complement	the	RAMAN	data	suggesting	that	the	crystalline	structure	of	the	biochar	
remains	whilst	the	labile	amorphous	structure	has	been	reduced.		
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Figure	5.9	-	XRD	spectra	from	Biochar	samples,	pre	weathering	and	post	weathering.	
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5.7.4.	Weathering	of	VOCs	and	PAHs	
The	presence	of	volatile	organic	compounds	(VOCs)	on	biochar,	and	and	thus	integrated	into	
the	environment	can	present	significant	issues	(Spokas	et	al.,	2011;	Yang	et	al.,	2013).	Further	
VOCs	can	inhibit	soil	macro-	and	micro-	organisms	and	their	roles	 in	key	abiotic	and	biotic	
processes	which	 affect	 soil	 quality	 (Spokas	 et	 al.,	 2012;	 Zimmerman	 et	 al.,	 2011).	 During	
biochar	 production	 through	 any	 process	 VOCs	 are	 formed	 by	 the	 breakdown	 of	 biomass	
structures,	typically	however,	these	compounds	may	be	eluted	in	the	form	of	gasses,	or	the	
condensable	 liquid	fraction	bio-oil.	These	compounds	may	also	become	trapped	inside	the	
pores	of	biochar	or	deposited	onto	biochar	during	the	cooling	process	(Dutta	et	al.,	2017;	Lyu	
et	al.,	2016).		
	
The	qualitative	analysis	of	compounds	found	in	both	the	leachate	and	from	direct	extraction	
from	the	biochar,	show	a	high	degree	of	similarity	to	the	compounds	found	in	bio-oils	(Chap.	
6).	The	number	of	compounds	identified	are	significantly	less	than	those	found	in	bio-oils,	and	
primarily	 limited	 to	 the	 compounds	with	 relative	 higher	 boiling	 points.	 This	 suggests	 that	
temperature	 is	 a	major	 driver	 in	 the	 loss	 of	 compounds,	 and	 thus	 the	 higher	 production	
temperature	caused	the	volatilization	and	subsequent	 loss	of	these	compounds	(Deenik	et	
al.,	2011).	This	corresponds	to	the	low	intensity	of	the	compounds,	further	suggesting	the	low	
concentrations	of	compounds	in	the	biochar.		Of	the	compounds	recovered	only	bromacetal	
presents	 significant	 toxicity,	 and	was	 only	 extracted	 through	 fluorinated	 compounds,	 and	
extended	hexane	weathering.	The	zenith	of	the	analysis	would	suggest	that	both	the	raw,	and	
weathered	 charcoal	 would	 pose	 little	 issue,	 to	 the	 environment	 even	 through	 extended	
leaching	of	compounds	into	waterways.				
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Figure	 5.10	 –	 GC-MS	 chromatogram	 from	 unweathered	 biochar	 extracted	 using	 soxhlet	 extraction	 for	 8	 hours,	 and	
performed	on	the	leachate	after	1000hrs	of	simulated	weathering.		
	
	
Table	5.3	-	List	of	VOCs	extracted	from	various	biochar	treatments,	weathering	and	soxhlet	extraction.	
		
Acid	Rain	
Weathering	
Rain	
Weathering	
Hexane	
Weathering	 DCM	 Methanol	 Hexane	
1-(4-Hydroxy-3-methoxyphenyl)-1-ethoxyacetic	acid	ethyl	
ester,	O-trimethylsilyl	 x	 x	 x	 	  x	
Agathadienediol	 x	 x	 	    
2-Hexanone,	3,3-dimethyl-	 x	 x	 x	 x	 x	 x	
9-Octadecen-1-ol,	(Z)-	 	  x	 	 x	 x	
Creosol	 x	 x	 x	 x	 x	 x	
Bromacetal	 	  x	 x	 	  
Ether,	3-butenyl	propyl	 	   x	 	  
Hexadecanoic	acid,	methyl	ester	 x	 x	 x	 x	 x	 x	
Phenol,	2,6-dimethoxy-	 x	 x	 x	 	   
Phenol,	2-methoxy-	 x	 x	 x	 x	 x	 x	
Phenol,	2-methoxy-4-propyl-	 x	 x	 x	 x	 x	 x	
Phenol,	4-ethyl-2-methoxy-	 x	 x	 x	 x	 x	 x	
Podocarpa-8,11,13-triene-7.beta.,13-diol,	14-isopropyl-	 x	 x	 x	 x	 x	 x	
Undecane	 		 		 x	 		 		 		
	
NMR	results	(Chapter	4,	Figure	4.5)	showsed	results	which	may	suggest	the	presence	of	poly	
aromatic	hydrocarbons	(PAHs)	in	the	final	biochar	product.	This	combined	with	vast	
quantities	of	previous	research	from	varying	authors	begets	the	need	to	quantitativly	test	
biochar	for	PAH’s	before	contaminion	could	occur		(Buss	et	al.,	2016;	Buss	et	al.,	2015;	Cao	
et	al.,	2016;	Chen	&	Yuan,	2011;	De	la	Rosa	et	al.,	2016;	Fabbri	et	al.,	2013;	Fagernas	et	al.,	
2012;	Freddo	et	al.,	2012;	Hale	et	al.,	2012;	Keiluweit	et	al.,	2012;	Koltowski	et	al.,	2016;	
5 10 15 20 25 30 35
MEOH
DCM
Hexane
Hexane	Leachate
Rain	Leachate
Acid	Rain	Leachate
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Mayer	et	al.,	2016;	Yargicoglu	et	al.,	2015;	Zielinska	&	Oleszczuk,	2016).	Whilst	research	has	
been	conducted	into	this	area,	Hilber	et	al.	(2012)	has	suggested	that	no	definitve	method	
has	been	established	to	quantitativly	establsih	the	absolute	values	of	PAHs	in	biochar.	The	
results	reported	in	Table	5.4	show	the	low	levels	of	PAHs	extracted	from	both	biochar	
leachate	from	weathering,	and	through	solvent	extraction.		
	
Table	5.4	-	Quantitative	results	of	PAH	in	both	biochar	and	biochar	 leachate	subjected	to	1000hrs	weathering.	All	values	
expressed	in	μg/Kg.	EIL	shows	the	environmental	investigation	limit	in	soil	as	per	(DoEC,	2010).	
		 	EIL	 LOD	
Acid	
Rain	
Leachate	
Rain	
Leachate	
Hexane	
Leachate	 DCM	 Methanol	 Hexane	
Acenaphthene	 	 16	 221	 196	 342	 304	 285	 297	
Acenaphthylene	 	 15	 17	 16	 20	 17	 18	 18	
Anthracene	 10000	 2	 11	 11	 21	 17	 18	 19	
Benz[a]anthracene	 	 4	 41	 37	 55	 49	 52	 51	
Benzo[b]fluoranthene	 	 11	 113	 140	 203	 198	 199	 192	
Benzo[k]fluoranthene	 	 2	 13	 12	 22	 20	 19	 20	
Benzo[ghi]perylene	 	 4	 40	 48	 58	 57	 57	 57	
Benzo[a]pyrene	 1000	 3	 34	 38	 64	 60	 59	 57	
Chrysene	 384	 2	 14	 15	 21	 19	 20	 19	
Dibenz[a,h]anthracene	 63	 1	 19	 22	 36	 32	 31	 34	
Fluoranthene	 10	 4	 <LOD	 <LOD	 6	 6	 6	 6	
Fluorene	 19	 2	 7	 6	 11	 10	 10	 11	
Indeno[1,2,3-cd]pyrene	 	 5	 <LOD	 <LOD	 6	 6	 6	 6	
Naphthalene	 5	 4	 <LOD	 <LOD	 <LOD	 <LOD	 <LOD	 <LOD	
Phenanthrene	 10	 5	 <LOD	 <LOD	 6	 5	 6	 5	
Pyrene	 10	 4	 10	 8	 12	 11	 11	 11	
	Total	PAH		 20000	 553	 562	 886	 816	 799	 806	
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5.8	Conclusion	
The	results	seen	in	this	chapter	can	be	summarised	as	per	table	5.11.	This	chapter	showed	
that		Eucalptus	sp.	biomass/biochar	underwent	3	threshold	changes	as	the	material	shifted	
from	amorphous	to	graphitic	materials.	At	temperatures	below	300˚C	the	biomass/biochar	
still	 shows	 a	 structure	 dominated	 by	 the	 presence	 of	 crystalline	 cellulose,	 and	 unaltered	
biomass.	As	temperature	increases	above	300˚C	the	amorphous	materials	shift	to	aromatic	
structures	 signalling	 the	 decomposition	 of	 both	 cellulose	 and	 hemicellulose.	 The	 loss	 of	
saturated	aliphatic	hydrocarbons	is	also	visible,	continuting	to	500˚C.	The	first	 instances	of	
graphitic	peaks	begin	to	show	in	this	range	as	the	condensation	of	remnant	plant	strucutres	
proceeds.	Between	500˚C	and	700˚C	no	evidence	of	lignin	remains	with	analysis	showing	a	
highly	aromatic	structure	dominated	by	graphitic	carbon	strucutres.	XRD	data	shows	growing	
crystalline	graphite,	whilst	the	surface	morphology	still	resemebles	the	open	porous	structure	
desired	for	soil	ammendments.		
Figure	5.11	--	Phase	model	of	Eucalptus	sp.	woodchip	derived	biochar	strucutre.	Initial	phase	dominated	by	unaltered	plant	
material,	from	300°C	the	second	phase	shows	the	transition	to	amorphour	biochar,	with	a	growing	crystalline	fraction.	At	
temperatures	above	600°C	the	third	phase	shows	the	switch	from	amorphous	dominated	to	crystalline	dominated	biochar.	
The	fourth	phase	at	temperatures	above	1,000°C	indicates	a	biochar	dominted	by	a	reduced	graphene	oxide	phase		
	
Temperatures	above	700˚	begin	to	show	evidence	of	a	gradual	shift	away	 from	crystalline	
strucutres	to	amorphous	strucutres,	akin	to	that	of	graphite	oxide	or	reduced	graphene	oxide.	
With	strong	evidence	at	temperatiures	above	900˚C	suggesting	that	the	biochars	structure	
has	been	dominated	by	a	reduced	graphene	oxide	strucuture	(rGO).		
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These	results	suggest	that	the	most	efficient	temperature	for	biochar	production	would	be	
600˚C.	 At	 this	 temperature,	 the	 biochar	 retaines	 the	 open	 porous	 structure	 desired	 for	
agronomic	benefits.	At	this	temperature	there	is	evidence	of	graphitic	strucutres,	which	are	
used	as	indicators	of	long	term	stability.	To	further	understand	the	stability	of	the	product,	
artificial	weathering	of	the	produced	biochar	was	undertaken	with	the	results	showing	limited	
weathering	 of	 the	 biochar	 under	 a	 variety	 of	 conditions.	 These	 results	 demonstrate	 the	
persistence	of	the	produced	biochar	under	environmental	conditions.	Further	investigation	
into	 the	VOCs	 found	 in	biochar	showed	 little	evidence	of	compounds	which	would	have	a	
negative	 effect	 on	 environmental	 health.	 With	 a	 quantitative	 analysis	 of	 PAHs	 on	 the	
strucuture	showing	levels	well	below	background	levels	in	soil.		
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Chapter	6 Analysis	of	side	products	and	reforming	of	bio-oils	
Overview	
Bio-oil	consists	of	oxygenated	organic	compounds	whose	high	degree	of	functionality	makes	
them	chemically	reactive	at	 low	temperatures	and	pressures.	Raw	bio-oil	has	a	number	of	
unfavourable	properties	such	as	its	low	pH,	high	water	content	and	a	high	concentration	of	
oxygen-containing	species.	The	worth	of	bio-oil	is	also	hindered	by	its	low	heating	value.	This	
means	that	raw	bio-oils	are	often	considered	to	have	limited	uses,	however,	through	catalytic	
reforming	of	the	bio-oils,	more	worthwhile	chemicals	can	be	obtained	from	the	bio-oil	itself	
(Kim	et	al.,	2011).	Whilst	bio-oils	have	been	widely	studied,	the	composition	of	raw	bio-oil	is	
dependant	 on	 pyrolysis	 temperature	 and	 feedstock	 used	 in	 its	 formation,	 and	 thus	
characterisation	of	the	raw	bio-oil	is	needed	to	optimise	the	reforming	process	(Pighinelli	et	
al.,	2014).		
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Investigation	into	the	components	of	bio-oil	
The	slow	pyrolysis	of	Eucalyptus	sp.	woodchip,	described	in	the	previous	chapter,	resulted	in	
a	41.1%	yield	of	bio-oil,	20.0%	biochar	with	38.8%	lost	in	non-recoverable	gas	(Chapter	5).	The	
slow	pyrolysis	of	biomass	has	been	shown	to	reduce	bio-oil	and	gas	yields	by	upwards	of	30%	
(Adrados	et	al.,	2013;	Brewer	et	al.,	2012;	Brown	et	al.,	2011;	Wang	et	al.,	2014).	Although	
not	a	direct	parallel,	Kim	et	al.	 (2013)	report	bio-oil	yields	of	59.2%	from	Eucalyptus	when	
pyrolysed	 in	 a	 fast	 pyrolysis	 system	 performed	 at	 500°C	 with	 2s	 of	 residence	 time	 using	
fluidised	bed	reactor.		
The	bio-oil	produced	from	Eucalyptus	sp.	Woodchip	in	this	work	readily	separated	into	three	
fractions-	 a	 large	 aqueous	 fraction,	 an	 organic	 fraction,	 with	 the	 remaining	 products	
coalescing	to	form	a	waxy	solid.		
Initial	observations	showed	this	raw	bio-oil	to	be	unstable	during	storage,	with	the	organic	
layer	 (light	 fraction)	decreasing	 in	size	over	 time,	and	the	overall	colour	of	 the	raw	bio-oil	
darkening.	This	result	has	been	reported	in	other	studies	on	bio-oils	and	has	been	attributed	
to	 the	 presence	 of	 olefins	 in	 the	 product,	 repolymerising	 under	 oxygenated	 conditions	
(Kauffman	et	al.,	2011;	Sharma	et	al.,	2015).		
Solvent	extraction	was	carried	out	on	each	of	the	fractions	individually	(referred	to	as	light,	
medium	and	heavy	fractions	respectively).	
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6.1.	GC-MS	
The	composition	of	bio-oil	is	very	complex	due	in	part	to	the	highly	heterogeneous	structure	
of	the	biochar	itself,	forming	a	multitude	of	compounds	as	it	decomposes	(Kim	et	al.,	2013)	
(Figures	6.1.	&	6.2.,	Tables	6.1.	&	6.2.).	Oxygenated	compounds	such	as	phenols,	furans	as	
with	other	aromatic	 compounds	are	 commonly	 seen	 in	 the	bio-oil.	 The	presence	of	 these	
compounds	 has	 been	 suggested	 to	 arise	 through	 the	 thermal	 degradation	 of	 lignin	 and	
cellulosic-based	structures	(Parshetti	et	al.,	2014;	Wei	et	al.,	2015).		
The	composition	of	the	bio-oil	was	studied	with	solvent	extraction	and	headspace	analysis	of	
the	raw	bio-oil	using	GC-MS.	Whilst	our	analysis	has	seen	a	large	variety	of	compounds	in	the	
bio-oil,	 the	 principal	 component	 of	 the	 bio-oil	 is	 water,	 with	 Mortensen	 et	 al.	 (2011)	
suggesting	that	10-30%	of	the	bio-oil	is	water	depending	on	the	moisture	content	of	the	initial	
biomass.		
Analysis	of	the	percentage	composition	in	fractions	was	aided	by	the	addition	of	an	internal	
standard	against	which	relative	mass	content	could	be	compared.	Tables	6.1	and	6.2	show	
the	 fractions	 of	 Eucalyptus	 sp.	 woodchip	 bio-oil	 when	 extracted	 using	 n-pentane	 and	
dichloromethane	(DCM)	respectively.	Most	of	 the	compounds	 identified	 in	our	study	have	
been	described	in	previous	reports	(Azargohar	et	al.,	2013;	Carrier	et	al.,	2013;	Cole	et	al.,	
2012;	 Jin	 et	 al.,	 2015);	 however,	 the	 presence	 of	 compounds,	 including	 2-methyl-2-
cyclopenten-1-one,	 3-methyl-1,2-cyclopentanedione	 have	 not	 been	 reported	 in	 previous	
studies.	Chen	et	al.	(2010)	has	suggested	that	due	to	the	high	flow	rate	of	pyrolysis	steam	
vapour	 the	 compounds	 are	 often	 not	 condensed	 in	 significant	 quantities	 using	 standard	
condenser	setups.	Therefore	the	condenser	arrangement	employed	in	this	system	was	able	
to	condense	the	higher	volatility	compounds,	which	have	not	been	observed	previously.		
The	 compounds	 identified	 in	 these	 two	 reactions	 showed	 some	 variations:	 the	 pentane	
extraction	as	expected	contained	aliphatic	hydrocarbons,	while	none	of	these	were	observed	
in	 the	DCM	extraction.	Suprisingly,	no	 furans	were	observed	 in	 the	DCM	extraction	whilst	
these	compounds	were	a	major	component	in	the	pentane	extraction	particularly	in	the	light	
fraction.	 The	 heterogeneous	 and	 complex	 nature	 of	 these	 fractions-	 light,	 medium,	 and	
heavy,	 resulted	 in	 differences	 in	 the	 relative	 mass	 content	 of	 specific	 compounds	 in	 the	
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respective	 pentane	 and	DCM	 extractions.	 For	 example,	 phenol	was	 identified	 in	 all	 three	
fractions	by	the	pentane	extraction,	however,	was	only	found	in	the	light	and	heavy	fraction	
by	DCM	extraction.		
Headspace	analysis	was	conducted	to	identify	the	more	volatile	components	which	would	be	
masked	by	the	solvent	peak	of	the	GC-MS	analysis	of	both	the	pentane	and	DCM	extractions.	
Due	to	the	difference	in	extraction	technique,	the	results	from	headspace	analysis	cannot	be	
compared	 to	 solvent	extraction,	without	 first	understanding	 the	partition	 coefficients	 and	
phase	ratios	of	volatile	compounds	in	the	sample.			
15mL	of	raw	bio-oil	was	stirred	and	heated	at	90oC	in	a	sealed	container	for	10	minutes.	100µL	
of	the	resultant	vapour	were	directly	analysed	by	GC-MS.	
The	major	component	in	the	headspace	vapours	was	chloroform,	the	production	of	which	in	
the	bio-oil	has	been	attributed	to	the		high	chlorine	content	of	agricultural	biomass	(Spokas	
et	 al.,	 2011).	 The	 remaining	 components	 of	 the	 vapour	 were	 oxygenated	 C2-C4	 organic	
compounds,	as	previously	reported	(Abdullah	et	al.,	2010b;	Mahinpey	et	al.,	2009;	Morali	et	
al.,	2016;	Staš	et	al.,	2015).	
It	 was	 interesting	 to	 observe	 furfural	 2-methoxyphenol,	 creosol,	 and	 4-ethyl-2-methoxy	
phenol	 in	 the	 headspace	 analysis.	 These	 compounds	 have	 a	 low	 volatility	 but	must	 be	 in	
significant	amounts	in	the	bio-oil	to	yield	detectable	quantities	in	the	vapours	formed	by	the	
heating	of	bio-oil.	Furfural	was	the	most	abundant	material	 in	 the	pentane	extraction	and		
2-methoxyphenol,	creosol,	and	4-ethyl-2-methoxyphenol	were	the	most	abundant	materials	
in	the	DCM	extraction.		
The	presence	of	both	acetic	acid	and	propionic	acid	in	the	raw	bio-oil	present	issues	when	
using	standard	methods	for	storage	and	reforming	of	the	bio-oils,	due	to	the	low	pH.	The	low	
pH	and	the	instability	further	contribute	to	the	unfavourable	characteristics	of	bio-oil	(Xue	et	
al.,	2015).	The	high	phenolic	content	of	the	oil	means	that	disposal	of	the	bio-oil	presents	an	
issue	(Pradeep	et	al.,	2015).		
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Figure	6.1	-	Total	ion	chromatograms	of	individual	bio-oil	fractions	using	1:1	pentane	extraction	
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Table	6.1	-	Components	of	the	bio-oil	from	Eucalyptus	woodchip	as	detected	using	GC-MS	(ordered	by	retention	time),	on	a	
1:1	basis	by	mass	pentane	extraction(counts/IS	counts).	
	
		 Relative	mass	content	
Name	 Light	 Medium	 Heavy	
Pentanal	 	 2.22	 	
Pentanoic	acid	 1.72	 	 	
Cyclopentanone	 2.06	 	 	
Furfural	 18.28	 9.56	 2.54	
2-Furanmethanol	 3.61	 2.3	 	
Ethylbenzene	 	 1.94	 4.66	
Styrene	 2.47	 4.43	 11.72	
Nonane	 	 4.51	 3.64	
2-Cyclopenten-1-one,	2-methyl-	 3.79	 1.73	 	
Ethanone,	1-(2-furanyl)-	 1.54	 	 	
1,3,5-Cycloheptatriene,	7-ethyl-	 	 1.46	 	
Benzene,	1-ethyl-3-methyl-	 	 4.81	 2.87	
2-Furancarboxaldehyde,	5-methyl-	 3.04	 2.59	 1.67	
Benzene,	1,2,3-trimethyl-	 3.34	 7.96	 4.04	
.alpha.-Methylstyrene	 	 1.16	 1.7	
Phenol	 2.27	 2.29	 0.91	
Decane	 2.5	 8.48	 6.83	
2-Furanmethanol,	tetrahydro-	 4.48	 2.48	 	
Mesitylene	 	 2.48	 	
Benzene,	(1,3,3-trimethylnonyl)-	 	 	 1.71	
1,2-Cyclopentanedione,	3-methyl-	 1.56	 	 	
2-Cyclopenten-1-one,	2-hydroxy-3-methyl-	 	 1.24	 	
Benzene,	1-methyl-2-propyl-	 	 1.06	 	
Phenol,	2-methyl-	 1.49	 1.94	 1.2	
Decane,	2-methyl-	 	 1.09	 	
m-Cresol	 2.73	 3.2	 1.53	
Phenol,	2-methoxy-	 17.97	 8.82	 8.02	
Undecane	 2.15	 4.41	 3.52	
Phenol,	2,4-dimethyl-	 	 	 1.16	
Creosol	 9.87	 5.38	 9.3	
3,4-Dimethoxytoluene	 	 	 1.14	
Phenol,	4-ethyl-2-methoxy-	 3.72	 2.48	 7.42	
2-Methoxy-4-vinylphenol	 1.41	 1.21	 2.62	
Phenol,	2-methoxy-4-propyl-	 	 	 1.92	
Phenol,	2-methoxy-4-(1-propenyl)-	 	 	 1.33	
Phenol,	2-methoxy-4-(1-propenyl)-,	(Z)-	 2.01	 1.98	 6.84	
Benzene,	1,1'-(1,3-propanediyl)bis-	 	 	 1.27	
Benzene,	3-butenyl-	 	 	 1.17	
Podocarpa-8,11,13-triene-7.beta.,13-diol,	14-isopropyl-	 	 	 1.11	
2-Phenanthrenol,	 4b,5,6,7,8,8a,9,10-octahydro-4b,8,8-trimethyl-1-(1-methylethyl)-,	 (4bS-
trans)-	 	 	 2.41	
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Figure	6.2	-	Total	ion	chromatograms	of	individual	bio-oil	fractions	using	1:1	DCM	extraction	
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Table	6.2	-	Components	of	the	bio-oil	from	Eucalyptus	woodchip	as	detected	using	GC-MS	(ordered	by	retention	time),	on	a	
1:1	basis	by	mass	DCM	extraction	(counts/IS	counts).	
	 Relative	Mass	Content	
Name	 Light	 Medium	 Heavy	
Phenol	 1.13	 	 1.28	
1,2-Cyclopentanedione,	3-methyl-	 	 	 1.26	
Phenol,	2-methyl-	 1.3	 1.04	 1.43	
m-Cresol	 1.91	 1.71	 3.1	
Phenol,	2-methoxy-	 8.05	 12.02	 8.14	
Phenol,	2,4-dimethyl-	 	 1.58	 	
Phenol,	2,5-dimethyl-	 1.42	 	 1.91	
Creosol	 12.49	 20.83	 16.02	
Catechol	 1.23	 	 	
3,4-Dimethoxytoluene	 1.08	 1.75	 1.76	
1,2-Benzenediol,	4-methyl-	 1.05	 	 	
Phenol,	4-ethyl-2-methoxy-	 10.35	 16.92	 16.95	
2-Methoxy-4-vinylphenol	 	 2.14	 	
4-Hydroxy-3-methylacetophenone	 3.08	 	 	
Phenol,	2,6-dimethoxy-	 2.97	 1.47	 4.14	
Eugenol	 2.65	 3.36	 3.8	
Phenol,	2-methoxy-4-propyl-	 3.49	 4.39	 6.02	
4-Ethylcatechol	 1.1	 	 	
Vanillin	 1.01	 	 	
Phenol,	2-methoxy-4-(1-propenyl)-,	(Z)-	 2.08	 1.98	 	
1,2,3-Trimethoxybenzene	 	 1.52	 2.85	
trans-Isoeugenol	 	 8.72	 	
Phenol,	2-methoxy-4-(1-propenyl)-,	(Z)-	 11.17	 	 	
Apocynin	 0.82	 	 1.24	
Benzene,	1,2,3-trimethoxy-5-methyl-	 1.94	 1.78	 3.38	
2-Propanone,	1-(4-hydroxy-3-methoxyphenyl)-	 2.04	 	 1.66	
Naphthalene,	2,3,6-trimethyl-	 	 0.73	 1.11	
2,4-Hexadienedioic	acid,	3,4-diethyl-,	dimethyl	ester,	(Z,Z)-	 0.64	 	 1.18	
Methyl-(2-hydoxy-3-ethoxy-benzyl)ether	 1.73	 	 	
3-Allyl-6-methoxyphenol	 	 	 1.41	
Phenol,	2,6-dimethoxy-4-[[2-methoxy-4-(1-propenyl)phenoxy]methyl]-,	acetate	 1.54	 	 	
Eicosanoic	acid	 	 2.08	 2.83	
n-Hexadecanoic	acid	 1.93	 	 	
Podocarpa-8,11,13-triene-7.beta.,13-diol,	14-isopropyl-	 2.03	 1.66	 1.54	
2-Phenanthrenol,	4b,5,6,7,8,8a,9,10-octahydro-4b,8,8-trimethyl-1-1-methylethyl	 8.19	 4.71	 7.29	
Podocarpa-6,8,11,13-tetraen-12-ol,	13-isopropyl-,	acetate	 1.67	 1.4	 	
Ferruginol	 	 1.53	 	
Bis(2-ethylhexyl)	phthalate	 	 3.92	 	
9(1H)-Phenanthrenone,	2,3,4,4a,10,10a-hexahydro-6-hydroxy-1,1,4a-trimethyl-7-	 2.06	 	 1.29	
	
	 	
	 76	
	
Table	6.3	–	Bio-oil	composition	from	Eucalyptus	woodchip	as	detected	using	GC-MS	from	both	Pentane	and	DCM	extraction	
	 Relative	Mass	Content	%	
	 Pentane	Extraction	 DCM	Extraction	
	 Light	 Medium	 Heavy	 Light	 Medium	 Heavy	
Alkanes	 4.7	 18.5	 15.3	 0	 0	 0	
Phenol	 43.7	 34.1	 43.8	 78.6	 84.6	 72.7	
Furans	 31.0	 16.9	 4.2	 0	 0	 0	
Aromatics	 13.2	 28.3	 36.8	 12.6	 7.4	 14.7	
Others	 7.5	 2.2	 0.0	 1.9	 2.1	 4.1	
	
	
Table	6.4	-	Components	of	the	bio-oil	from	Eucalyptus	woodchip	as	detected	using	GC-MS	by	static	headspace	analysis	at	
90°C	on	the	combination	of	all	3	fractions.	
Name	
Relative	Mass	
Content	%	
Acetaldehyde	 1.12	
Ethanol	 3.86	
Acetone	 5.86	
Acetic	acid	 12.37	
Acetic	acid,	methyl	ester	 8.17	
2-Pentanone,	3-methyl-	 2.45	
n-Hexane	 20.6	
Trichloromethane	 80.05	
2-Butenal,	(E)-	 0.06	
2-Butanone,	3-methyl-	 0.24	
2-Propanone,	1-hydroxy-	 1.91	
2-Pentanone	 0.22	
6-Oxabicyclo[3.1.0]hexane	 0.12	
Furfural	 3.09	
Phenol,	2-methoxy-	 2.48	
Creosol	 2.26	
Phenol,	4-ethyl-2-methoxy-	 0.05	
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6.2.	Ex-situ	reforming	of	bio-oils	
Catalytic	reforming	was	performed	on	the	bio-oil	from	Eucalyptus	sp.	woodchip,		as	described	
in	 the	 previous	 chapter.	 The	 reforming	 experiments	 were	 conducted	 in	 a	 stainless	 steel	
reactor	with	a	45ml	capacity	Teflon	insert	(Parr	Instrument	Company).	Bio-oil	was	premixed	
with	the	catalyst	at	a	1:10	ratio	and	placed	in	the	Teflon	insert.	The	catalysts	tested	can	be	
divided	into	2	mains	groups-	zeolite	catalysts	and	metal	catalysts,	consisting	of	a	5Å	zeolite,	
NH	ZSM-5	zeolite,	HZSM-5	zeolites,	iron(III)	oxide,	and	a	Pd	on	carbon.	The	reactor	was	sealed	
and	 heated	 at	 200˚C	 for	 8	 hours.	 The	 reactor	 was	 then	 cooled	 to	 4˚C	 and	 the	 contents	
collected.	 The	 catalyst	 was	 filtered	 from	 the	 product	 mixture	 by	 gravity	 filtration	 after	
collection.		
Significant	changes	were	seen	in	the	appearance	of	these	solutions	and	catalysts	as	per	Table	
6.5.	
Table	6.5	-	Observations	of	solutions	and	catalysts	pre	and	post	reforming	
	
Observations	before	
reforming	
Solution	observations	
post	reforming	
Catalyst		
before		 after		
Raw	bio-oil/no	
catalyst	
Dark	orange/brown	
translucent		–	3	fractions	
no	colour	change,	1	fraction,	
solids	present	
-	 -	
Raw	bio-oil	+	Zeolite	 black	translucent	solution,	1	
fraction,	solids	present	
Beige	 Black	
Raw	bio-oil	+	NH-
ZSM5	
black	translucent		solution,	1	
fraction,	solids	present	
Light	
grey	
Black	
Raw	bio-oil	+	HZSM5	 black	translucent	solution,	1	
fraction,	solids	present	
Light	
grey	
Black	
Raw	bio-oil	+	Iron	(III)	
Oxide	
yellow	transparent	solution,	1	
fraction,	no	solids	present	
Dark	red	 Black	
Raw	bio-oil	+	Pd	on	
Carbon	
Initially	2	transparent	fractions	
(upper	dark	blue,	lower	yellow),	
forming	1	black	translucent,	
solids	present	
Black	 Black	
	
Analysis	of	the	product	mixtures	was	initially	performed	using	solvent	extraction	as	in	section	
6.1.	With	all	catalysts,	the	bio-oil	underwent	a	complete	transformation	with	almost	none	of	
the	original	bio-oil	compounds	observed	in	the	product	mixture.	This	is	illustrated	in	Figure	
6.3	for	the	reforming	using	the	iron(III)	oxide	catalyst.	The	bottom	GC	trace	in	this	figure	was	
obtained	from	the	pentane	extraction	of	the	original	bio-oil,	and	the	top	one	shows	the	same	
extraction	 of	 the	 product	mixture	 after	 reforming	 (the	 visible	 peaks	 in	 the	 top	 trace	 are	
column	artefacts).	It	was	concluded	that	the	reforming	process	had	produced	a	shift	in	overall	
volatility	of	the	product,	such	that	the	solvent	peak	obscured	the	resultant	compounds	for	all	
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catalyst	systems.	A	static	headspace	analysis	of	the	compound	mixture	was	then	conducted	
to	analyse	these	volatile	compounds.	
	
Figure	 6.3	 -	 Pentane	 extraction	 of	 reformed	 bio-oil	 over	 the	 Iron(III)	 oxide	 catalyst	 (intensity	 increased	 by	 10X)	 (blue)	
compared	to	pentane	extraction	of	raw	bio-oil	(red)	
	
Headspace	 analysis	 of	 the	 reformed	product	mixtures	was	 performed	 as	 described	 in	 the	
previous	section	and	the	results	for	all	catalysts	are	summarised	in	Table	6.6.	Each	catalyst	
showed	a	significant	reforming	of	the	compounds	of	the	bio-oil,	in	particular	a	dramatic	shift	
of	the	bio-oil	components	was	observed	to	higher	volatile	compounds.	For	each	catalyst,	a	
significant	 loss	 of	 product	 mass	 was	 also	 recorded	 and	 this	 was	 interpreted	 as	 carbon	
formation	on	the	catalyst	and	the	formation	of	CO	and	CO2.	Carbon	formation	was	confirmed	
by	the	appearance	of	the	catalyst	after	reforming.	Also	the	product	mixture,	particularly	for	
the	zeolite	based	catalysts,	were	black	in	colour,	indicating	carbon	formation.	The	reformed	
product	 contained	 very	 little	 hydrocarbon	 for	 any	 catalyst	 tested,	 although	 the	 possible	
concentration	of	C1-C3	hydrocarbons	could	not	be	determined.	The	reformed	product	in	all	
cases	was	dominated	by	oxygenated	products,	and	while	highly	complex,	some	compounds	
dominated	 these	 mixtures.	 The	 zeolite	 and	 NHZSM5	 catalysts	 reformed	 the	 bio-oil	 to	
primarily	 C4	 ketones,	 acetone	 and	 acetaldehyde.	 HZMS5	 showed	 similar	 results,	 except	 a	
significant	amount	of	ethanol	and	acetic	acid	was	also	observed.	 Iron	oxide	produced	 the	
5 10 15 20 25 30 35
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most	interesting	result	with	3-methylbutanal	being	formed	in	significant	quantities	with	only	
small	quantities	of	other	materials.	Also,	this	was	the	only	catalyst	to	form	this	compound.	Pd	
on	C	catalyst	formed	a	similar	product	profile	to	the	zeolite	catalyst.			
Our	 results	correspond	with	previous	 research,	with	 the	zeolite	upgrading	 routes	 showing	
carbon	formation	on	the	catalyst,	and	highly	oxygenated	compounds	(Table	6.5).	Conversion	
of	bio-oil	 to	C1	 to	C3	hydrocarbons,	CO2	and	CO,	was	unable	 to	be	measured	due	 to	non-
separation	in	the	GC-MS	analysis.	
Whilst	both	HDO	and	zeolite	cracking	are	referred	to	as	catalytic	upgrading	of	bio-oils,	both	
routes	 are	 still	 far	 from	 industrial	 application	 due	 to	 the	 complex	 nature	 of	 bio-oils	
(Mortensen	 et	 al.,	 2011;	 Schwaiger	 et	 al.,	 2015).	 The	 complex	 nature	 of	 both	 raw	 bio-oil	
(Tables	6.1,	6.2,	6.4)	and	the	upgraded	bio-oil	shown	in	(Table	6.6)	and	thus	the	potential	span	
of	reaction	pathways	makes	evaluation	of	the	reforming	process	difficult	(Chandrasekaran	et	
al.,	2016;	Cole	et	al.,	2012;	Mortensen	et	al.,	2011;	Pedersen	&	Rosendahl,	2015;	Schwaiger	
et	al.,	2015;	Sharma	et	al.,	2015).	As	previously	undertaken	by	Mortensen	et	al.	(2011)	instead	
of	 analysing	 the	 analysis	 of	 individual	 components	 and	 looking	 at	 the	 patterns	 created	
through	the	shift	of	bio-oils	from	high	volatility	to	low	volatility,	compounds	can	be	used	as	a	
measure	to	understand	the	degree	of	completion.		
Zeolite	cracking	in	previous	studies	has	resulted	in	extensive	carbon	deposition	results	in	very	
short	catalyst	lifetimes	(Mortensen	et	al.,	2011),	with	the	reformed	product	being	of	a	low	
grade,	due	to	the	high	oxygen	component	of	the	oils,	and	resultant	instability.	
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Table	6.6	-	Components	of	the	reformed	bio-oil	from	Eucalyptus	woodchip	as	detected	using	GC-MS	by	static	headspace	
extraction	at	90°C,	columns	indicate	the	catalysts	used	in	reforming.	
Name	 Zeolite	
NH-
ZSM5	 HZSM5	
Iron	
Oxide	
PD	On	
C	
1-Butanol,	2-methyl-	 	 	 	 1.16	 	
2,	3-Pentanedione	 	 0.36	 	 	 0.23	
2,3-Butanedione	 7.37	 1.2	 	 	 	
2-Butanone	 2.89	 2.54	 5.3	 	 	
2-Butanone,	3-methyl-	 1.67	 0.86	 	 	 0.13	
2-Cyclopenten-1-one,	2,	3-dimethyl-	 	 	 0.53	 	 	
2-Cyclopenten-1-one,	2-methyl-	 	 	 3.48	 	 0.36	
2-Cyclopenten-1-one,3,4dimethyl-	 	 	 0.5	 	 	
2-Cyclopenten-1-one,3-methyl-	 	 	 0.63	 	 	
2-Pentanone	 	 	 0.43	 	 0.49	
2-Pentanone,	3-methyl-	 	 	 	 	 4.17	
Acetaldehyde	 2.76	 2.86	 0.95	 	 3.31	
Acetic	acid	 	 	 16.81	 	 	
Acetic	acid	methyl	ester	 	 3.98	 6.86	 2.88	 6.14	
Acetone	 8.63	 9.09	 7.81	 2.2	 6.22	
Butanal,	3-methyl-	 	 	 	 44.17	 	
Butane	 	 	 5.2	 	 	
Butane,	2,3-dimethyl-	 	 	 	 1.16	 	
Butyric	acid	2,2,3,3-tetramethyl-	 	 	 	 	 0.24	
Creosol	 	 	 0.76	 	 	
Cyclopentane,	methyl-	 	 	 	 6.52	 	
Cyclopentanone	 	 	 5.5	 trace	 1.26	
Cyclopentanone,	2-methyl-	 	 	 0.49	 	 	
Ethanol	 trace	 3.51	 12.13	 1.76	 	
Ethanone.	1-(2-furanyl)-	 	 	 0.58	 	 	
Ethyl	Acetate	 	 trace	 	 trace	 0.95	
Furan,	2,5-dimethyl-	 trace	 	 	 	 	
Furan,	2-methyl-	 4.16	 	 	 	 	
Phenol	 	 	 1.15	 	 	
Phenol,	2-methoxy-	 	 	 3.17	 	 0.3	
m-Cresol	 	 	 0.78	 	 	
Propanal,	2-methyl-	 trace	 	 	 	 	
Trichloromethane	 5.44	 		 		 		 		
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6.3.	Reforming	of	model	systems	
The	complex	nature	of	bio-oils	 results	 in	a	potential	multipart	network	of	 reactions	under	
catalytic	 reforming.	 The	 number	 of	 potential	 bio-oil	 reactions	makes	 evaluation	 of	 bio-oil	
reforming	systems	difficult,	and	often	studies	are	restricted	to	model	compounds	(Zhang	et	
al.,	 2006;	 Zhang	&	Wu,	 2015).	 Initial	 analysis	 of	 compounds	 in	 the	 raw	bio-oil	 (Table	 6.3)	
showed	that	the	raw	bio-oil	was	comprised	of	phenolic	compounds,	many	with	methyl	and	
methoxy	 substituents.	 These	 major	 components	 exist	 in	 both	 the	 organic	 and	 aqueous	
fractions.	 To	understand	any	possible	mechanisms	 through	which	 catalytic	 reforming	may	
proceed,	aqueous	solutions	of	phenol	and	m-cresol	were	used	as	model	compounds	in	the	
reforming	experiments.	Catalytic	reforming	was	performed	on	both	the	model	phenol	and	
the	model	cresol	solutions.	The	reforming	experiment	used	a	stainless	steel	reactor	with	a	
45ml	capacity	Teflon	insert	(Parr	Instrument	Company).	Bio-oil	was	premixed	with	the	catalyst	
at	a	10:1	ratio	and	placed	in	the	Teflon	insert.	The	catalysts	tested	were	the	same	as	in	the	
previous	section	and	were	a	5Å	zeolite,	NH	ZSM-5	zeolite,	HZSM-5	zeolites	and	iron(III)	oxide,	
and	a	Pd	on	carbon.	The	reactor	was	sealed	and	heated	at	200˚C	for	4	hours.	The	reactor	was	
then	cooled	to	4˚C	and	the	contents	collected.	The	catalyst	was	filtered	from	the	solution	by	
gravity	filtration	after	collection.	
Table	6.7	-	Observations	of	model	systems	pre	and	post	reforming	
	
Observations	
before	reforming	
Solution	observations	
post	reforming	
Catalyst		
before		 after		
Phenol	solution	
Clear	solution,	1	
fraction,	no	solids	
present	
no	apparent	change	 -	 -	
Phenol	solution	+	
Zeolite	
no	apparent	change	 Beige	 Beige	
Phenol	solution	+	NH-
ZSM5	
no	apparent	change	 Light	
grey	
Light	
grey	
Phenol	solution	+	
HZSM5	
yellow	transparent,	1	fraction,	
no	solids	present	
Light	
grey	
Light	
grey	
Phenol	solution	+	
Iron	(III)	Oxide	
yellow	transparent,	1	fraction,	
no	solids	present	
Dark	red	 Dark	red	
Phenol	solution	+	Pd	
on	Carbon	
no	apparent	change	 Black	 Black	
	 	 	 	
m-Cresol	solution	 no	apparent	change	 -	 -	
m-Cresol	solution	+	
Zeolite	
no	apparent	change	 Beige	 Beige	
m-Cresol	solution	+	
NH-ZSM5	
no	apparent	change	 Light	
grey	
Light	
grey	
m-Cresol	solution	+	
HZSM5	
yellow	transparent,	1	fraction,	
no	solids	present	
Light	
grey	
Light	
grey	
m-Cresol	solution	+	
Iron	(III)	Oxide	
pale	red	transparent,	1	fraction,	
no	solids	present	
Dark	red	 Dark	red	
m-Cresol	solution	+	
Pd	on	Carbon	
no	apparent	change	 Black	 Black	
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Headspace	GC-MS	analysis	of	the	resulting	mixtures	showed	the	major	products	of	reforming	
of	phenol	and	m-cresol	were	acetaldehyde,	acetone,	2-butanone,	butane,	and	pentane.	A	
known	solution	of	 these	compounds	was	prepared	and	placed	under	the	same	headspace	
conditions,	and	the	resulting	vapour	was	analysed	under	the	same	GC-MS	conditions.	These	
data	 were	 used	 to	 estimate	 the	 exact	 amount	 of	 these	 compounds	 formed	 from	 the	
reformation	of	phenol	and	m-cresol.	 	The	loss	of	product	(%Balance)	was	attributed	to	the	
production	 of	 C1-C3	 hydrocarbons,	 CO2,	 and	 CO	 as	 well	 as	 carbon	 formation.	 This	 was	
calculated	as	the	balance	from	the	amount	of	products	formed	in	the	headspace	analysis.	
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6.3.1.	Zeolite	
Reforming	 over	 zeolites	 has	 shown	 promising	 results	 with	 bio-oils	 in	 previous	 studies	
(Mortensen	et	al.,	2011;	Rao	et	al.,	2011;	To	&	Resasco,	2014;	Wang	et	al.,	2012;	Xu	et	al.,	
2015).		Zeolite	upgrading	has	been	reported	as	being	highly	temperature-dependent	(Adrados	
et	al.,	2015;	Wang	et	al.,	2012).	Increases	in	temperature	lead	to	reductions	in	oil	yield	and	
an	increase	in	the	gas	yield;	with	the	degradation	of	bio-oil	to	light	gasses	and	carbon	taking	
place	(Mortensen	et	al.,	2011).		
Visual	inspection	of	the	catalyst,	bomb,	and	subsequent	reformed	product	did	not	show	any	
significant	carbon	formation,	with	no	visible	darkening	of	the	solution	and	catalyst.	Table	6.8	
showed	 the	 results	 of	 these	 experiments	 for	 both	 phenol	 and	m-cresol	 for	 zeolite	 as	 the	
catalyst.	Both	model	compounds	yielded	similar	results	for	conversion	and	loss	of	products	to	
C1-C3	 hydrocarbons,	 CO	 and	 CO2.	 The	 only	 significant	 difference	 in	 the	 products	 was	 the	
formation	 of	 acetaldehyde	 from	m-cresol	which	was	 absent	 in	 the	 products	 from	 phenol	
reforming.		
	
Table	6.8	-	Compounds	identified	by	GC-MS	in	model	system	after	reforming	with	Zeolite	Catalyst	(†shows	percentage	of	
original	material	that	remains,	‡refers	to	%	of	unquantified	material	attributed	to	material	that	is	unretained	by	the	column)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted			62.12	 54.31	
Acetaldehyde	 	 -	 14.64	
Acetone	 	 48.26	 41.12	
2-Butanone	 	 20.36	 18.65	
Benzaldehyde,	2-hydroxy-	 	 Trace	 -	
Phenol	 	 37.88†	 -	
m-Cresol	 	 -	 45.69†	
	 %Balance‡			19.49	 13.90	
	
The	reforming	of	both	these	aromatics	was	consistent	with	the	formation	of	C2	alkynes	from	
the	 aromatic	 ring.	 The	 degradation	 of	 aromatic	 alcohols,	 particularly	 phenol,	 in	 aqueous	
solution	has	been	studied	both	by	photocatalytic	and	oxidative	methods.	Both	these	methods	
formed	 hydroquinone,	 catechol,	 and	 hydroxyhydroquinone.	 These	 compounds	 were	 not	
observed	in	any	reforming	experiments	in	this	work.	Also,	the	conditions	of	these	reforming	
experiments	were	inconsistent	with	either	of	these	oxidative	or	photo	methods.	The	following	
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pathways	are	proposed	 for	 the	 formation	of	 these	products	 taking	place	 in	 the	 reforming	
process	in	this	work.	The	absence	of	any	catechol	or	related	compounds	indicated	a	different	
pathway	was	operating	from	these	experiments.	The	proposed	reaction	for	the	reforming	of	
m-Cresol	was	to	form	3	alkynes	from	the	aromatic	ring	as	shown	in	equation	1.1.	Acetone	and	
acetaldehyde	are	formed	from	these	alkynes	from	the	reaction	of	water	(equation	1.2	and	
1.3	 respectively).	The	method	of	 formation	of	2-butanone	 from	m-cresol	 is,	however,	 less	
clear.	 Its	 formation,	 we	 believe,	 arises	 from	 a	 C4	 di-alkyne	 (buta-1,3-diyne)	 as	 shown	 in	
equation	 1.4.	 This	 was	 based	 on	 the	 results	 of	 all	 catalyst	 experiments	 in	 which	 several	
showed	the	formation	of	C4	(butane)	and	C5	(pentane)	alkanes.	These	alkanes	could	only	have	
been	formed	from	a	C4	di-alkyne	intermediate	that	did	not	contain	an	OH	group.	This	C4	di-
alkyne	intermediate	was	formed	from	breakdown	of	the	aromatic	ring	into	C4	and	C2	alkynes	
(equation	1.4).	This	was	also	supported	by	the	absence	of	the	isomer	of	2-butanone,	butanal	
(C4	aldehyde).	The	anomaly	in	this	scheme	was	that	no	C5	alkanes	was	formed	in	this	zeolite	
reforming.	However,	pentane	was	observed	in	the	iron	oxide,	catalysed	reforming	(section	
6.3.4.).	
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The	other	unexplained	observation	was	the	absence	of	butane	and	2,3-butandione	which	may	
be	expected	as	other	products	from	C4	di-alkyne	(buta-1,3-diyne).	Butane	and	2,3-butandione	
were	observed	in	many	of	the	other	reforming	experiments	of	both	phenol	and	m-cresol	with	
different	catalysts,	particularly	iron(II)	oxide	and	H-ZMS5.	
The	 pathway	 of	 phenol	 reforming	 was	 more	 problematic;	 firstly	 no	 acetaldehyde	 was	
observed,	which	 should	be	seen	 following	a	 similar	pathway	 to	m-cresol.	However,	 it	was	
observed	for	the	catalyst	HZSM-5	and	iron(III)	oxide	for	phenol	reforming.	Our	conclusion	was	
that	 acetaldehyde	 was	 formed	 (equation	 1.5)	 but	 was	 consumed	 in	 further	 reforming	
reactions	 in	 this	experiment.	The	 formation	of	acetone	does	not	appear	 to	 fit	 this	model;	
however,	several	authors	(Bennett	et	al.,	2017;	Pestman	et	al.,	1995;	Sugiyama	et	al.,	1992;	
Wang	&	Iglesia,	2017;	Zhang	et	al.,	2006)	have	reported	the	formation	of	acetone	in	yields	of	
up	to	60%	from	acetaldehyde	or	acetic	acid.	This	pathway	is	shown	in	equation	1.6.	Acetone	
was	 also	 formed	 from	phenol	 in	 the	 reformation	 using	HZSM-5.	 The	 final	 product	was	 2-
butanone	which	was	proposed	to	be	formed	via	the	C4	di-alkyne	in	a	similar	method	to	m-
cresol	(equation	1.4).	
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6.3.2.	NHZSM-5	
Reformation	of	the	model	systems	by	NHZSM-5	resulted	in	total	fragmentation	of	the	starting	
materials.	As	 in	6.3.1.	The	resultant	product	post	reforming	was	filtered;	no	changes	were	
visible	to	the	surface	colour	of	the	zeolite,	signifying	the	minimal	production	of	black	carbon	
from	the	upgrading	process.	The	trace	levels	of	converted	compounds	found	in	the	reformed	
product	 and	 total	 conversion	 further	 strengthen	 the	 proposal	 of	 the	 formation	 of	 C2	
hydrocarbons	and	CH4,	CO,	and	CO2.		
Table	6.9	-	Compounds	identified	by	GC-MS	in	model	system	after	reforming	with	NHZSM-5	Catalyst	(†shows	percentage	of	
original	material	that	remains,	‡refers	to	%	of	unquantified	material	attributed	to	material	that	is	unretained	by	the	column)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted			98.39	 95.68	
Acetaldehyde	 	 -	 0.17	
Acetone	 	 -	 1.69	
Butane	 	 1.26	 -	
2-Butanone	 	 0.32	 trace	
Benzaldehyde,	2-hydroxy-	 	 -	 trace	
Nonanal	 	 -	 trace	
Phenol	 	 1.61†	 2.7	
m-Cresol	 	 -	 4.32†	
	 %Balance‡			96.86	 91.12	
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6.3.3.	HZSM-5	
The	 reforming	 of	 the	 model	 compounds	 showed	 differing	 results	 HZSM-5.	 m-Cresol	
underwent	93%	conversion	 (Table	6.10).	 This	 conversion	 rate	was	 in	 stark	 contrast	 to	 the	
conversion	of	phenol	where	74%	of	the	starting	material	remained	unconverted.	The	products	
of	the	reforming	for	these	model	compounds	also	varied	significantly.	The	products	from	m-
cresol	were	butane	(41%),	acetone	(35%)	and	3-methyl-2-pentanone	(24%).	For	phenol,	the	
products	were	acetaldehyde	(31%),	acetone	(17%)	and	2,3-butanedione	(25%).	
Table	6.10	-		Compounds	identified	by	GC-MS	in	model	system	after	reforming	with	HZSM-5	Catalyst	(†shows	percentage	of	
original	material	that	remains,	‡refers	to	%	of	unquantified	material	attributed	to	material	that	is	unretained	by	the	column,	
*this	was	detected	as	a	product)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted			25.76	 93.04	
Acetaldehyde	 	 31.17	 -	
Butane	 	 -	 40.92	
Acetone	 	 17.24	 35.35	
2,3-Butanedione	 	 24.65	 -	
2-Pentanone,	3-methyl-	 	 -	 23.72	
Phenol	 	 74.24†	 -	
m-Cresol	 	 *26.94	 6.96†	
	 %Balance‡												0	 0.01	
	
The	pathways	of	reforming	phenol	by	HZSM-5	to	these	products	were	consistent	with	the	
proposed	 pathway	 for	 reforming	 phenol	 with	 zeolite	 (equation	 1.5	 and	 1.6).	 In	 this	
experiment,	acetaldehyde	was	observed,	but	the	pathway	still	has	the	formation	of	acetone	
occurring	from	acetaldehyde.	This	reforming	yielded	2,3-butanedione	instead	of	2-butanone	
(equation	1.7)	from	the	C4	di-alkyne.	Butane	was	not	observed	from	reforming	phenol.		
The	formation	of	m-cresol	was	surprising	in	this	reaction	and	was	confirmed	as	not	being	an	
impurity	from	the	m-cresol	experiments.	This	reaction	pathway	has	been	suggested	by	Sad	et	
al.	(2008)	and	has	been	shown	in	equation	1.8.	Sad	et	al.	(2008)	demonstrated	the	formation	
of	cresol	from	phenol	under	strict	conditions	very	similar	to	the	current	setup,	using	HZSM-5	
catalyst;	as	such	we	believe	that	 this	pathway	 is	not	a	general	pathway,	but	an	additional	
pathway	nonetheless.	
The	products	for	m-cresol	reforming	appeared	to	be	different	with	the	products	formed	from	
the	 experiment	 with	 zeolite	 with	 the	 absence	 of	 acetaldehyde	 and	 2-butanone	 and	 the	
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appearance	of	3-methyl-2-pentanone.	Butane	we	propose	was	formed	from	the	C4	di-alkyne	
by	 its	 reaction	 of	 H2	 (equation	 1.9).	 This	 product	 was	 surprisingly	 absent	 in	 the	 zeolite	
reforming	but	was	present	in	this	reaction	and	the	iron	oxide	reforming	of	m-cresol.	Unlike	
the	reforming	of	phenol	with	HZSM-5,	no	2,3-butanedione	was	observed	in	the	products	from	
m-cresol.	
This	was	the	only	reforming	experiment	which	produced	3-methyl-2-pentanone.	3-Methyl-2-
pentanone	 is	 produced	 industrially	 by	 an	 aldol	 condensation	 of	 2-butanone	 and	
acetaldehyde.	We	propose	that	this	reaction	yielded	this	product	in	the	reforming	(equation	
1.10).	This	was	consistent	with	the	absence	of	acetaldehyde	and	2-butanone	as	products	for	
this	experiment.	The	reason	this	pathway	only	occurred	for	HZMS-5	was	probably	due	to	its	
unique	acid/base	properties,	which	are	required	for	this	aldol	condensation.	In	conclusion,	
the	pathways	of	reforming	m-cresol	by	HZSM-5	were	consistent	with	the	proposed	pathways	
for	reforming	m-cresol	with	zeolite	(equation	1.1,	1.2,	and	1.3).	
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6.3.4.	Iron	Oxide	
The	Iron(III)	oxide	catalyst	produced	excellent	results	with	100%	conversion	of	the	starting	
materials	for	both	model	systems.	The	converted	materials	are	dominated	by	alkanes,	with	
m-cresol	showing	90%	conversion	to	pentane,	with	3%	mass	lost	to	C3	–	C1	hydrocarbons,	CO,	
and	CO2.	Phenol	showed	30%	conversion	to	butane,	with	52%	again	presumably	fragmented	
to	C3	–	C1	hydrocarbons,	CO,	and	CO2	(Table	6.11).		
Table	6.11	-	 	Compounds	 identified	by	GC-MS	 in	model	system	after	reforming	with	 Iron	Oxide	Catalyst	 (‡refers	 to	%	of	
unquantified	material	attributed	to	material	that	is	unretained	by	the	column)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted		100.00	 100.00	
Acetaldehyde	 	 6.71	 -	
Ethanol	 	 2.64	 trace	
Pentane	 	 -	 90.83	
Butane	 	 29.74	 -	
Acetic	acid,	methyl	ester	 	 2.54	 1.33	
Acetic	acid	 	 0.35	 1.28	
2,3-Butanedione	 	 trace	 -	
2-Butanone	 	 5.31	 -	
	 %Balance‡			52.71	 3.36	
	
The	pathway	below	(equation	1.11)	shows	the	method	through	which	both	phenol	and	m-
cresol	are	presumed	to	reform	to	alkanes.	As	suggested	in	all	systems	the	loss	of	mass	can	be	
attributed	to	the	formation	C3	–	C1	hydrocarbons,	CO2,	and	CO;	the	former	of	which	is	often	
used	 to	 initiate	 the	 water	 gas	 phase	 shift	 reaction,	 producing	 the	 hydrogen	 needed	 for	
hydrogenation	of	penta-1,3-diyne	or	buta-1,3-diyne	to	pentane	and	butane	respectively.	
OH
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CH R CH3 R
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6.3.5.	Pd	on	carbon	
As	with	the	evolution	of	products	from	the	reformation	of	phenol	and	m-cresol	over	NH-ZSM5	
catalysts,	the	reformation	of	phenol	and	m-cresol	over	a	Pd	on	C	catalyst	has	resulted	in	the	
total	fragmentation	of	the	starting	materials.		
	
Table	 6.12	 -	 	Compounds	 identified	 by	 GC-MS	 in	model	 system	 after	 reforming	with	 Pd	 on	 C	 Catalyst	 (‡refers	 to	 %	 of	
unquantified	material	attributed	to	material	that	is	unretained	by	the	column)	
		 		 %	Conversion	
Name	 	 Phenol	 Cresol	
	 %	Converted		100.00	 100.00	
Ethanol	 	 -	 0.09	
Acetaldehyde		 	 trace	 -	
Acetone	 	 -	 7.31	
2-Butanone	 	 -	 2.23	
Ethyl	Acetate	 	 -	 0.17	
2-Butanone,	3-methyl-	 	 -	 0.42	
2-Pentanone	 	 -	 0.42	
	 %Balance‡				100	 89.06	
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Chapter	7 Conclusions	and	further	work	
The	 research	 presented	 in	 this	 thesis	 shows	 the	 development	 a	 set	 of	 efficient	 operating	
conditions	to	produce	biochar	that	will	persist	in	the	environment,	it	shows	several	options	
for	a	reformed	bio-oil	product	–	value	adding	to	traditional	pyrolysis	schemes.	The	research	
shows	that	high	 temperature	 (600°C)	slow	pyrolysis	of	varying	 forms	of	biomass	produces	
consistent	biochar(Chapter	4).	The	results,	however,	suggested	that	the	lignin-rich	Eucalyptus	
sp.	woodchip	showed	the	formation	of	significant	graphitic	structures	suggesting	the	highest	
conversion	 to	 turbostratic	 crystallites	 with	 little	 change	 between	 weathered	 and	 non-
weathered	 woodchip.	 Due	 to	 the	 positive	 results	 from	 chapter	 4	 fresh	 Eucalyptus	 sp.	
woodchip	was	chosen	as	the	most	suitable	source	of	biomass	for	further	testing.	In	addition	
to	this	study	on	multiple	forms	of	biomass,	detailed	testing	was	conducted	in	reference	to	the	
effects	of	pyrolysis	conditions	on	the	structure	of	carbon	in	biochar,	and	the	stability	of	the	
biochar	 produced	 under	 these	 “efficient	 operating	 conditions”	 (Chapter	 5).	 Following	 the	
characterisation	 of	 the	 biochar,	 this	 research	 investigated	 and	 characterised	 the	 bio-oil	
produced	 from	 the	 thermal	 decomposition	 of	 biomass.	 Then	with	 respect	 to	 the	 biochar	
product	that	was	created	reform	the	produced	oils	using	a	range	of	catalysts	looking	to	value-
add	to	the	traditional	pyrolysis	process	(Chapter	6).	With	a	range	of	model	systems	hoping	to	
understand	the	mechanisms	through	which	upgrading	may	proceed.	
The	 slow	 pyrolysis	 of	 varying	 forms	 of	 biomass,	 Eucalyptus	 woodchips	 and	 branch,	 Palm	
constituents	and	cherry	blossom	branch	at	600°C	showed	excellent	conversion	to	biochar.	
Thermogravimetric	 data	 from	 the	 heating	 of	 biomass	 showed	 similar	 decomposition	
characteristics	at	600˚C	the	formation	of	biochar.	The	data	showed	that	at	600°C	the	biomass	
had	seen	the	decay	of	the	cellulosic	and	lignin	structures	present	in	the	biomass	and	that	at	
temperatures	more	than	500°C	the	biochar	had	entered	a	slower	carbonisation	phase,	leading	
to	 stable	 biochar.	NMR	 analysis	 showed	 that	 this	 biochar	was	 dominated	 by	 an	 aromatic	
structure	 with	 additional	 Raman	 analysis,	 indicating	 the	 presence	 of	 a	 graphitic	 based	
structure,	with	ID/IG	ratios	between	1.3	and	0.72.	Structures	with	lower	ID/IG	ratios	suggest	
the	 formation	of	 a	 structure	dominated	by	 recalcitrant	 carbon.	 The	 results	 from	both	 the	
Walkley	Black	wet	oxidation	and	Bray	No.1	phosphate	showed	that	this	biochar	would	provide	
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benefits	to	the	soil	through	increased	organic	carbon	and	phosphate.	Elemental	analysis	of	
the	biochars	 did	 not	 show	high	 levels	 of	 heavy	metals.	 13C-CP-MAS	NMR	did	 suggest	 the	
presence	of	PAHs	on	the	biochar;	this	was	then	further	tested	in	later	chapters	(Chapter	5)	
The	results	from	chapter	5	suggested	that	the	Eucalyptus	sp	woodchip	biochar	underwent	3	
phase	transitions	as	has	been	previously	suggested.	As	temperatures	increased	above	300°C	
the	biochar	decomposed	forming	a	structure	dominated	by	amorphous	fractions	of	carbon-
based	aromatic	material,	with	a	 growing	 fraction	with	 carbon	 crystallites.	As	 temperature	
increased	from	600°C,	the	amorphous	structure	shifts	to	a	structure	dominated	by	crystalline	
carbon	showing	similarities	 to	graphite.	At	1,000°C,	 the	structure	no	 longer	resembles	the	
initial	biomass	with	a	move	to	a	structure	dominated	by	reduced	graphene	oxide	(rGO).	The	
effect	of	increases	in	temperature	over	1000˚C	was	not	reviewed	in	this	phase	of	the	study	
and	further	work,	could	investigate	the	effects	of	temperature	above	1000˚C	and	the	creation	
of	novel	carbon	structures.	Further	investigation	into	the	bonding	structures	of	the	carbon,	
can	be	undertaken	using	XPS	to	determine	the	bond	types	further	characterising	the	materials	
created,	additional	work	is	also	needed	to	further	clarify	the	transition	points	for	each	of	these	
phases	as	temperature	increases.	
These	 results	 show	 the	 temperature	 optimum	 for	 the	 efficient	 operating	 conditions	 that	
produce	a	biochar	is	600°C.	Under	these	pyrolysis	conditional	the	environmental	stability	of	
this	char	was	tested	under	controlled	laboratory-based	circumstances.	After	weathering	for	
1000hrs,	the	charcoal	retained	90%	of	the	original	mass,	which	under	the	soxhlet	conditions	
suggested	that	3%	of	the	charcoal	was	lost	per	100years.	Analysis	of	the	surface	functional	
groups	on	the	charcoal	after	weathering	suggested	that	while	both	the	simulated	rain	and	
acid	rain	treatments	were	able	to	 leach	the	 labile	carbon	fraction	the	acid	rain	treatment,	
removed	some	of	the	mineral	fraction	of	the	charcoal.	Further	environmental	stability	tests	
showed	low	levels	of	VOC’s,	with	the	results	of	a	quantitative	analysis	of	PAHs	on	the	charcoal	
showing	 charcoal	 with	 PAHs	 well	 below	 background	 levels	 for	 soil.	 As	 mentioned	 the	
laboratory-based	study	used	in	this	report	is	unable	to	give	absolute	results	for	the	stability	
of	this	biochar	in	the	environment,	and	further	field-based	studies	are	needed	to	investigate	
how	application	to	the	soil	will	affect	the	long-term	stability	of	this	biochar	product.	
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Capture	 of	 the	 bio-oils	 showed	 an	 initial	 liquid	 with	 ~30%	 water	 content,	 which	 readily	
separated	 into	 three	 fractions.	Compounds	 in	 the	bio-oil	were	analysed	using	GC-MS,	 the	
major	constituents	of	the	bio-oils	across	all	three	fractions	were	phenolic	compounds.	The	
bio-oils	notably	contained	several	PAH’s	which	were	not	found	in	the	biochar.	Reforming	of	
the	bio-oil	was	undertaken	in	attempts	to	elicit	potential	paths	for	the	value	addition	of	side	
products	to	the	pyrolysis	process,	with	several	methods	showing	the	total	fragmentation	of	
the	bio-oil.	However,	the	most	notable	results	were	from	the	Iron	(III)	oxide	catalyst	producing	
in	 the	bio-oil	 systems	significant	amounts	of	3-methyl-butanal,	 and	 in	 the	model	 systems,	
producing	 significant	 quantities	 of	 aliphatic	 hydrocarbons	 butane	 and	 pentane.	 The	 static	
upgrading	 system	 used	 in	 this	 study	 has	 shown	 promising	 results,	 however,	 to	 bring	 this	
concept	to	industry,	further	work	is	needed.	A	better	understanding	of	how	these	systems	
work	with	continuous	processes	and	if	the	addition	of	hydrogen	and	shorter	contact	times	
with	catalyst	can	produce	a	product	that	is	more	suited	for	use	in	today's	current	fuel	market.	
This	research	on	biochar	has	characterised	the	structure	of	the	produced	biochars	over	a	wide	
range	of	temperatures,	deriving	a	set	of	efficient	operating	conditions	that	will	persist	in	the	
environment,	possibly	achieving	carbon	sequestration	benefits	with	MRTs	that	exceed	100	
years.	 Further,	 the	 results	 shown	 from	 the	 slow	 pyrolysis	 of	 biochar	 at	 the	 increased	
temperature	 suggested	 the	 formation	 of	 possible	 novel	 materials	 such	 as	 carbon	
nanostructures	and	reduced	graphene	oxide.	The	upgrading	of	the	bio-oil	showed	promising	
results	 providing	 several	 pathways	 through	 which	 value	 can	 be	 added	 to	 the	 traditional	
pyrolysis	schemes,	with	the	creation	of	both	compounds	which	may	be	of	benefit	 to	both	
industry	and	in	place	of	traditional	hydrocarbons.	Future	research	should	then	focus	on	the	
expansion	of	this	technology,	and	the	potential	scaling	of	the	process.	 	
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Appendix	A	 –Solid-state	 1H	NMR	 spectra	 of	 biochar	 produced	 from	 varying	 biomass	 at	
600˚C	in	a	N2	atmosphere	
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Appendix	B	–	XRF	elemental	analysis	of	biochars	produced	from	varying	biomass	at	600˚C	
under	a	N2	atmosphere.	
